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Visualizing the One-Dimensional Diffusion of DNA Mismatch 




 The eukaryotic post-replicative DNA mismatch repair pathway corrects mispaired bases 
that escape polymerase-proofreading machinery during DNA synthesis before the errors become 
permanently embedded in the genome. The initial steps in this essential pathway involve a series 
of specific target searches along DNA by the protein complexes Msh2-Msh6 and Mlh1-Pms1 in 
order to locate and remove mispaired bases. The details of these critical processes remain poorly 
understood, largely due to a lack of experimental methods capable of probing these dynamic 
processes. A custom total internal reflection fluorescence microscopy assay was developed to 
investigate these events by visualizing the proteins as they search along DNA in real time at the 
single molecule level. Both Msh2-Msh6 and Mlh1-Pms1 were found to travel along DNA by 
means of a one-dimensional random walk driven by thermal energy; however, the results 
presented in this work also reveal distinct mechanisms of diffusion utilized by each complex. 
The observed diffusive behavior of Msh2-Msh6 is consistent with a model in which the protein 
forms a highly processive clamp that rotates about the DNA helical axis as it diffuses, thereby 
remaining in register with the phosphate backbone as it scans DNA for mispaired bases. Mlh1-
Pms1 movements are more consistent with a loosely bound ring-like structure that moves along 
DNA by a hopping or stepping mechanism as it searches for mismatch-bound Msh2-Msh6. 
These assays provide critical novel insights into the initial steps of mismatch recognition, address 
 long-debated models proposed for post-recognition events in mismatch repair and also provide a 
platform for studying the protein-protein interactions of Msh2-Msh6 with Mlh1-Pms1 following 
mismatch recognition. In addition to providing important details into the DNA repair pathway 
itself, the data also reveal distinct limitations different modes of diffusion may impose on DNA 
target searches in vivo and these results can be generalized to various other DNA-binding 
proteins that move along DNA by similar mechanisms. Importantly, this work also provides the 
first experimental evidence directly observing unbiased facilitated diffusion as a mechanism of 
target search and recognition by any protein. The manner by which DNA-binding proteins are 
able to survey a vast amount of nonspecific genomic DNA in order to recognize a small number 
of specific sites or structures is a fundamental issue in understanding a diverse array of protein-
DNA processes such as replication, gene expression and DNA repair and the diversity of targets 
and necessary search mechanisms involved in the mismatch repair pathway make it an excellent 
model system for studying facilitated diffusion along DNA. 
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 Maintaining genomic integrity throughout replication is contingent upon essential DNA 
repair processes such as post-replicative mismatch repair (MMR), which is responsible for 
correcting mispaired bases that escape polymerase-proofreading machinery during DNA 
synthesis before the errors become permanently embedded in the genome (reviewed in Kunkel 
and Erie 2005; Jiricny 2006; Li 2008; Fukui 2010). The MMR pathway increases the fidelity of 
DNA replication by up to 1000-fold and disruption of this pathway results in a dramatic increase 
in spontaneous point mutations and microsatellite instability (Glickman and Radman 1980; 
Schaaper 1993; Lahue et al. 1989; Drotschmann et al. 2001). Defects in the human MMR system 
cause a cancerous hereditary disorder known as Lynch syndrome, which is characterized by a 
strong predisposition for hereditary nonpolyposis colorectal cancer and has been implicated in 
the early-onset of up to 25% of sporadic cancers in various other tissues including endometrium, 
ovary, stomach and small intestine (Peltomäki and Vasen 2004; Vasen et al. 2007; Lynch et al. 
2009). 
Initial studies of the MMR pathway focused extensively on the genetic and biochemical 
characterization of the E. coli system. In 1989, Modrich and coworkers were able to reconstitute 
E. coli methyl-directed MMR in a defined purified system with the proteins MutS, MutL, MutH, 
DNA helicases II, single-stranded binding protein, DNA polymerase III, exonuclease I and DNA 
ligase (Lahue et al. 1989). The repair pathway is initiated by MutS, which recognizes 
noncomplementary Watson-Crick nucleotide pairs as well as insertion/deletion loops (IDLs) (Su 
et al. 1988; Lahue et al. 1989; J Jiricny et al. 1988). Following identification of mispaired DNA, 
MutS recruits MutL to the site of the lesion and the MutS-MutL-mismatch ternary complex 
stimulates the endonuclease activity of a third protein, MutH (Grilley et al. 1989; Welsh et al. 
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1987; Su and Modrich 1986). MutH preferentially cleaves the unmethylated nascent DNA strand 
at the nearest d(GATC) site. Hemimethylation of the DNA provides a signal in the pathway to 
discriminate the daughter strand from the parental in order to ensure excision of only the newly 
synthesized strand, thereby maintaining the original sequence. The resulting nick, which may be 
located 5’ or 3’ of the mismatch, provides an entry point for downstream repair factors to 
degrade the error-containing daughter strand allowing the new strand to be correctly 
resynthesized.  
 The prokaryotic homodimeric MMR proteins MutS and MutL are strongly conserved 
from bacteria to humans however several different homologous lineages have arisen in 
eukaryotes. In humans and yeast, the heterodimeric Msh2-Msh6 (MutS homolog 2 and 6) 
complex is responsible for the recognition of mispaired bases and small IDLs (Alani 1996; 
Acharya et al. 1996). MutL is conserved through the heterodimeric complex MutLα, which 
consists of Mlh1-Pms2 (MutL homolog and Post-Meiotic Segregation) in humans and Mlh1-
Pms1 in yeast (Prolla et al. 1994; Li and Modrich 1995). The initial steps of mismatch repair are 
similar to bacteria as Msh2-Msh6 must first locate the mispaired bases and subsequently recruit 
MutLα to the site of the lesion (Prolla et al. 1994; Kolodner 1996).  Eukaryotes have no known 
homolog of MutH, however recent work has unveiled that both human and yeast MutLα 
complexes possess latent endonuclease activity dependent upon ATP, Msh2-Msh6, mismatched 
DNA, PCNA, and RFC (Kadyrov et al. 2006; 2007). Since this pivotal breakthrough, it has 
become evident that the E. coli MMR system, long used as the general paradigm for MMR, is 
unique from most organisms in relying on MutH for the strand incision (Mauris and Evans 2009; 
Duppatla et al. 2009; Fukui et al. 2008). Instead, the majority of species rely on the endonuclease 
activity of MutL and its homologs, which preferentially incise DNA strands on which there is a 
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pre-existing nick. Thus the strand discrimination signals in eukaryotes and MutH-less 
prokaryotes are currently believed to be discontinuities in the nascent strand during replication. 
Importantly, these signals may be located thousands of base pairs away from the site of the 
mismatch and the mechanism by which these proteins locate the discontinuity remains unclear 
(Constantin et al. 2005; Kadyrov et al. 2007; 2006). The resulting incision from MutLα serves as 
a loading site for ExoI, which degrades the daughter strand containing the error leaving the DNA 
primed for correct resynthesis (Figure 1-1).  
 
Mismatch Repair & Human Disease 
 Lynch syndrome (LS), previously referred to as hereditary non-polyposis colorectal 
cancer (HNPCC), is an autosomal dominant cancerous condition resulting from defects in the 
human MMR pathway that predispose individuals to a variety of tumorigenic conditions. 
Microsatellite instability (MSI) is a hallmark of MMR deficient cells and can be found in over 
90% of cancers due to defective mismatch repair, as opposed to approximately 15% in sporadic 
tumors (Vasen 2007). Individuals with a family history of cancer that display MSI are often 
screened for defects in Msh2, Msh6, Mlh1 and Pms2. Up to 90% of pathogenic alleles in LS are 
found in Msh2 or Mlh1 and ~7% are found in Msh6 (Peltomäki and Vasen 2004). Carriers of 
MMR mutations have a strong chance of developing early-onset cancer with colorectal and 
endometrial cancers displaying the highest risks with cumulative lifetime probabilities of 60-
80% and 30-50% respectively. Additional high-risk tissues include ovarian, gastric, urinary tract 
and brain. It has been conservatively estimated that over 30,000 people per year who develop 
colorectal cancer do so as a result of this syndrome (Lynch et al. 2009; Hampel et al. 2008).    
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 Mouse models with mutations in Msh2, Mlh1, Msh6 and Pms2 have been developed to 
advance our understanding regarding the effect that loss of MMR activity has on cancer 
susceptibility (Wind et al. 1995; 1999; Wei et al. 2002). These studies have provided a 
systematic assessment of the phenotypic severity imposed by the loss of activity for each of the 
MutS and MutL homologues. The median survival age for Msh2 or Mlh1 deficient mice was 
approximately 6 months, whereas mice deficient in Msh6 or Pms2 survived 10-11 months 
(median), all mice displayed a strong cancer phenotype. The lifespan was unaffected in mice 
with inactivated genes for other MMR homologs (Msh3, Msh4, Msh5, Pms1). Although mice 
deficient in Msh6 or Msh3 displayed a less severe phenotype, double knockouts of Msh6 and 
Msh3 had a median lifespan of 6 months, equivalent to that of Msh2 deficient mice; this is 
expected since it is known that Msh2 forms heterodimers with either Msh6 or Msh3 and these 
complexes provide somewhat redundant functions in MMR (Wind et al. 1995; 1999; Wei et al. 
2002).  
 In addition to DNA repair, MMR proteins are also active in apoptotic signaling to a 
variety of DNA damaging agents. An important characteristic of MMR deficiency discovered in 
early studies of microorganisms was that inactivation of the MMR system conferred a resistance 
to certain cytotoxic compounds such as alkylating agents N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea (MNU), suggesting that there may be a 
resistance to certain chemotherapeutics that act by damaging DNA (Meyers 2004). Resistance 
was found to several chemotherapeutic agents including 6-Thioguanine, Temozolomide, 
cisplatin and 5-fluorouracil (Stojic et al. 2004; Nehmé et al. 1999; 1997; Yamane et al. 2004; 
Hirose et al. 2003). Indeed, clinical trials revealed that treatment with 5-fluorouracil resulted in 
no benefit or an increased mortality, confirming the predictions from in vitro testing (Ribic et al. 
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2003). Conversely, chemotherapeutic agents such as methotrexate that have demonstrated a 
cytotoxic effect in vitro with MMR deficient cells appear to be effective in vivo as well (Martin 
et al. 2009; Fallik et al. 2003). Importantly, individuals fitting certain criteria are currently 
screened for MMR mutations and a mechanistic understanding of this pathway may help refine 
therapeutic strategies aimed at treatment of patients with MMR-deficient cancers.  
 
MutS & Msh2-Msh6 
MutS is a strongly conserved homodimeric complex that acts as the initial protein in the 
prokaryotic MMR pathway to correct mispaired bases arising from polymerase misincorporation 
errors during replication (Siegel and Bryson 1967; Lahue et al. 1989). This protein is conserved 
from bacteria to humans and eukaryotes have evolved several lineages with more specified 
functions. In humans and yeast, the heterodimeric Msh2-Msh6 complex is responsible for the 
recognition of mispaired bases and very short IDLs while Msh2-Msh3 preferentially binds longer 
IDLs with some specificity for certain base-base mismatches (Alani 1996; Acharya et al. 1996; 
Harrington and Kolodner 2007). These two eukaryotic complexes are somewhat redundant for 
certain types of mismatches although Msh2-Msh6 is far more abundant in vivo, accounting for 
~90% of the total cellular Msh2 (Genschel et al. 1998). Like the prokaryotic system these 
complexes initiate the MMR pathway through locating heteroduplex DNA and subsequently 
recruiting downstream repair factors to the site of the lesion (Prolla et al. 1994; Kolodner 1996). 
Crystal structures are available for E. coli, T. aquaticus MutS and human Msh2-Msh6 
proteins in complex with heteroduplex DNA (Obmolova et al. 2000; Alani et al. 2003; Warren et 
al. 2007; Lebbink et al. 2010). The structures are quite similar to one another revealing a dimeric 
complex that resembles a figure "8" with one of the loops clamped around the heteroduplex 
DNA substrate (Figure 1-2A). A shared mismatch recognition mechanism is located in domain I 
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consisting of a strongly conserved Glu-X-Phe motif that interacts directly with the mispaired 
base. The glutamate forms a hydrogen bond with N3 of the mispaired pyrimidine or N7 of the 
mismatched purine while the phenylalanine aromatic ring stacks against the mispaired base. The 
stacking interaction widens the minor groove and the opposing major groove is narrowed, 
kinking the bound DNA. In each structure the mismatched DNA is kinked at a 45°-60° angle, 
this is in agreement with single molecule AFM imaging studies reporting that MutS bends DNA 
(Wang et al. 2003). The Phe-X-Glu motif is perfectly conserved in bacterial MutS and eukaryotic 
Msh6, however it is absent in the other eukaryotic homologs Msh2 and Msh3. Although MutS is 
a homodimer, the mismatch-bound structure is asymmetric and the Phe-X-Glu motif of only one 
subunit interacts in a specific manner with the DNA, in effect making the protein a "functional 
heterodimer". This asymmetry is more pronounced in the human structure where only the Msh6 
subunit, which conserves the Phe-X-Glu motif, makes specific contacts with the mispaired base 
and the Msh2 subunit makes a smaller number of nonspecific contacts with the DNA backbone. 
Mutations to the Phe and Glu residues in MutS strongly reduce the specificity of MutS for 
heteroduplex DNA in vitro and abolish MMR activity in vivo (Junop et al. 2003; Schofield et al. 
2001; Yamamoto et al. 2000). Mutations to the these residues in Msh6 display a similar loss of 
specificity in vitro but the overall mutation rate is less severe in vivo however the nature of the 
mutations is altered, comparable to that of Msh6 knockouts (Drotschmann et al. 2001; 
Marsischky et al. 1996). The mutation rate in Msh6 mutants and knockouts is believed to be less 
severe in vivo due to the partially overlapping specificity for certain mismatches provided by the 
Msh2-Msh3 complex.  
One structure of the T. aquaticus MutS was crystallized in the absence of DNA and 
domains I and IV are largely disordered (Obmolova et al. 2000). This is in agreement with 
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electron microscopy images of the eukaryotic complex, which show domains IV of Msh2 and 
Msh6 appear splayed in diverse orientations the presence of ADP and absence of DNA (Gradia 
et al. 1999). Conversely ATPγS induced a conformational change closing the domains in a 
manner that resembles what is observed in crystal structures in the presence of mispaired DNA. 
This data provides a simple explanation for how the protein is able to bind DNA initially with 
Domains IV remaining openly splayed in solution and subsequently clamping together when 
bound to DNA. 
 The affinity of MutS and Msh2-Msh6 for mismatched DNA has been reported to range 
anywhere from 5 to more than 1500-fold higher than its affinity for homoduplex substrates 
(Alani 1996; Mazurek et al. 2009; Gradia et al. 2000; Marsischky et al. 1999; Kunkel and Erie 
2005). Typical techniques used to determine the affinities include nitrocellulose filter binding, 
electrophoretic mobility shift assays (EMSA) or by using optical total internal reflection 
equipment such as Biacore or Iasys instruments. Interpretation of these measurements is often 
complicated by the fact that many of these assays use short oligonucleotides and Msh2-Msh6 
displays a strong affinity for DNA ends, which is often cited as the source of the apparent 
discrepancy between affinities reported in different studies. Kinetic experiments report that 
Msh2-Msh6 bound homo and heteroduplex DNA at the similar rates however the dissociation 
rates vary by over 100-fold, with Msh2-Msh6 pausing for long periods of time on DNA with 
mispaired bases (Zhai and Hingorani 2010).   
 Importantly, the affinity of MutS and Msh2-Msh6 for both homo and heteroduplex DNA 
is dictated by the nucleotide bound state of the complex. Nucleotide binding and hydrolysis 
properties of Msh2-Msh6 have been studied extensively and the results, while complex, describe 
an elegant mechanism for regulating mismatch binding (Martik et al. 2004; Antony and 
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Hingorani 2003; Iaccarino et al. 1998; Blackwell et al. 2001; Mazur et al. 2006; Owen et al. 
2009). Through the use of radioactive nucleotide crosslinking experiments, Msh6 was found to 
have a high affinity ATP binding site (Kd ~ 0.3 µm, Kd not determined for ADP, > 250 µm) 
while the nucleotide-binding site of Msh2 has a higher affinity for ADP (Kd ~ 1 µm, Kd ~ 40 
µm for ATP; Mazur et al. 2006). Importantly, the affinities of each subunit for the different 
nucleotides are dependent upon the state of the complex. ATP hydrolysis by Msh6 is inhibited 
upon binding heteroduplex DNA, causing the nucleotide preference of Msh2 to switch from 
ADP to ATP (Mazur et al. 2006). As a result, both Msh2-Msh6 subunits bind ATP 
simultaneously, releasing the complex from the site of the mismatch. Similar results were 
independently obtained for the yeast and human proteins and further confirmed through 
fluorescence anisotropy (Owen et al. 2009). The resulting model is one in which the nucleotide-
bound state of Msh2-Msh6 determines weather it is competent to bind mispaired DNA and 
subsequent dissociation from the mismatched bases depend upon ATP binding although the 
exact nature of the dissociation remains controversial.  
 
MutL & MutLα  
 Similar to MutS, MutL bacterial proteins exist as homodimers while the eukaryotic 
homologues form heterodimeric complexes. Unlike MutS and its homologs, MutL and MutLα 
bind to DNA in a mismatch independent manner (Hall et al. 2003).  Structural studies of 
prokaryotic MutL reveal that dimerization is mediated through the C-terminal domains, which 
are attached to the N-terminal domains by long unstructured linker arms. (Figure 1-2B; Ban and 
Yang 1998;  Guarné et al. 2001; Arana et al. 2010; Guarné et al. 2004; Kosinski et al. 2005). 
MutL homologs in eukaryotes and MutH-less prokaryotes contain an endonuclease motif in the 
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C-terminal domain. These complexes must couple mismatch recognition by Msh2-Msh6 with 
strand discrimination signals that may lie over 1000 base pairs away in order to ensure that only 
the newly synthesized strand is degraded, thus preserving genomic integrity.  
 No full-length crystal structure exists for the MutL homologs, however the prokaryotic C-
terminal domain as well as the prokaryotic and eukaryotic N-terminal domains have been solved 
(Ban and Yang 1998;  a Guarné et al. 2001; Arana et al. 2010; A. Guarné et al. 2004; Kosinski et 
al. 2005). Additionally, AFM imaging data of full-length eukaryotic heterodimer are available 
(Sacho et al. 2008). Dimerization is mediated through the C-terminal domain (Kosinkski et al. 
2005). The N-terminal domains of MutL, Mlh1 and Pms1 belong to a family of GHKL proteins, 
which also includes DNA Gyrase, Hsp90, Histidine Kinase, and MutL-like proteins (Inouye 
2000; Guarné et al. 2004; Kosinski et al. 2005). This fold is commonly found accompanied by a 
secondary dimerization domain, as is the case with MutL homologs, and is known to transiently 
dimerize in a nucleotide-binding dependent manner forming a reversible clamp-like structure. 
Unstructured linker domains of ~160 and ~300 amino acids separate the N-terminal and C-
terminal domains in the yeast Mlh1 and Pms1 respectively (Sacho et al. 2008).  
 The highly conserved N-terminal domains in Mlh1 and Pms1 independently bind both 
double and single stranded DNA (Hall et al. 2001; 2003). Although the C-terminal domain does 
not strongly bind DNA on its own, full length Mlh1-Pms1 shows a higher affinity for DNA than 
can be accounted for by the combination of the N-terminals alone. The N-terminal MutL 
homodimeric crystal structure reveals that the subunits form a positively charged cleft when 
dimerized which is the putative DNA binding site. Amino acid substitutions to this site result in 




 The recombinant N-terminal domains described above were also used to characterize the 
ATP activity of the subunits. Mlh1 has over a ten-fold higher affinity for ATP than Pms1 with 
respective dissociation constants of 1.9 mM and 0.13 mM (Hall et al. 2002). The rate of catalysis 
for both subunits is relatively slow kcat 0.023 min-1 and kcat 0.15 min-1 for Mlh1 and Pms1 
respectively. As with other members of the GHKL family, nucleotide binding is believed to 
regulate dimerization of the MutL N-terminal regions, creating a closed ring-like structure 
(Figure 1-2B). 
 Until recently MutL homologs were thought of simply as coordinating proteins whose role 
was to recruit downstream repair factors such as MutH to the mismatch-bound MutS complexes. 
Eukaryotes and the majority of prokaryotes have no known homolog of MutH and recent work 
has revealed that both human and yeast MutLα complexes possess latent endonuclease activities 
dependent upon ATP, Msh2-Msh6, mismatched DNA, PCNA, and RFC (Kadyrov et al. 2006; 
2007). The endonuclease activity was shown to be present in the C-terminal of yeast Pms1 and 
human Pms2. Since this pivotal discovery, it has become evident that the E. coli MMR system, 
long used as a general model for MMR, is unique from most organisms in relying on MutH for 
the strand incision. The endonuclease motif found in eukaryotic MutLα has since been identified 
in prokaryotes that lack MutH and the nuclease activity has been experimentally confirmed in 
several of these species (Mauris and Evans 2009; Duppatla et al. 2009; Fukui et al. 2008).  
 The endonuclease activity of Mlh1-Pms1 is dependent upon a number of additional repair 
factors and displays a preference for cleaving DNA strands with pre-existing nicks (Kadyrov et 
al. 2006; 2007). This feature has inspired a model in which discontinuities in the nascent strand 
arising naturally as a result of replication act as a signal for the MMR proteins to distinguish 
between parental and daughter strands. Importantly, the discontinuities may be located thousands 
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of base pairs away from the site of the mismatch and the manner by which Msh2-Msh6 and 
Mlh1-Pms1 are able to recognize and communicate with signals over such a great distance is 
unknown (Constantin et al. 2005; Kadyrov et al. 2006; 2007; Modrich 2006; Kunkel and Erie 
2005). 
 
Additional Repair Factors  
 Both the E. coli and human MMR systems have been reconstituted in defined systems 
using recombinant proteins and MutS and MutL homologs were found to interact directly with 
several of these factors. The E. coli system consists of MutS, MutL, MutH, DNA helicases II, 
single-stranded binding protein, DNA polymerase III, exonuclease I and DNA ligase (Lahue et 
al. 1989). Human MMR activity requires Msh2-Msh6, Mlh1-Pms2, ExoI, RPA, RFC, PCNA and 
DNA polymerase δ (Constantin et al. 2005). Msh2-Msh6 and Mlh1-Pms1 have been shown to 
interact directly with PCNA in vitro and bacterial MutS interacts with the β-clamp in vitro and 
co-localizes with replication machinery in vivo (Smith et al. 2001; Pluciennik et al. 2009; Iyer et 
al. 2008). While speculative, interactions with PCNA and co-localization data suggest the 
possibility that Msh2-Msh6 and Mlh1-pms1 are coupled to the replication machinery in vivo 
where they could survey for mispaired bases as they exit the rear of the progressing fork. 
 
Target Searches in MMR 
Pre-recognition 
The initial steps of mismatch repair involve several target searches in which Msh2-Msh6 
and Mlh1-Pms1 must locate a small number of specific structures amongst a vast array of 
nonspecific DNA. Msh2-Msh6 must first scan the genome for replication errors during which it 
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must probe the DNA for subtle perturbations in the helical structure. Once Msh2-Msh6 binds a 
lesion, a second search must occur in which Mlh1-Pms1 must locate Msh2-Msh6 bound to the 
damaged DNA, this process would require less intimate interactions with the DNA since the 
specific bases do not have to be surveyed by Mlh1-Pms1 but rather Msh2-Msh6 must be found 
along the DNA track. Finally, the ternary complex formed by Msh2-Msh6, Mlh1-Pms1 and 
mispaired DNA must somehow communicate with a strand discrimination signal which could be 
located over a thousand base pairs away from the site of the lesion. Very little is known 
regarding the details of these target searches, primarily due to a lack of experimental methods 
capable of analyzing these dynamic events.  
 
Post-recognition  
Unlike pre-recognition events, an extensive amount of data has been reported regarding 
the steps following mismatch recognition however questions remain regarding the manner by 
which downstream events are carried out. Specifically, it is not known how Msh2-Msh6 and 
Mlh1-Pms1 act upon a strand discrimination signal that may be located a thousand base pairs 
away from the site of the mismatch. Three different models have been put forward to explain 
how the strand discrimination signals are located, these are known to as "Active translocation", 
"Static transactivation", and "Molecular switch" models (Figure 1-3). Numerous studies have 
attempted to confirm one of these models, however the actual mechanism remains unclear due to 
conflicting data from several laboratories.  
The "active translocation" model suggests that MutS homologs move along the DNA 
fueled by ATP hydrolysis (Allen et al. 1997; Blackwell et al. 1998). This model is based 
primarily upon electron microscopy images of MutS-mediated DNA loops. The loops were 
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reported to increase in size over time and were dependant upon ATP hydrolysis. The model 
proposes that MutS draws in flanking DNA from both sides extruding the mismatch site into an 
α-shaped loop. Addition of MutL was reported to stimulate the rate of loop formation. 
"Static transactivation" proposes that the MutS proteins remain bound tightly to the 
mismatch followed by a three dimensional random collision between the bound protein and the 
distal cleavage site via a looped DNA intermediate (Obmolova et al. 2000; Junop et al. 2001; 
Kunkel and Erie 2005). This model was originally proposed when the first MutS crystal structure 
was solved and it was argued that once MutS left the mismatch it would no longer retain the 
mismatch-bound conformation believed necessary to activate downstream factors (Obmolova et 
al. 2000). This model was later supported by experiments with E. coli MutS which revealed that 
the activation of MutH occurred at similar rates on DNA containing mismatched bases and 
d(GATC) sites on the same molecule (cis-activation) or on separate molecules (trans-activation). 
ATP binding was necessary but not hydrolysis and nucleotide binding has been suggested to 
simply act as a proofreading mechanism which licenses downstream the downstream excision 
events. This model is also supported by studies with human Msh2-Msh6 showing that 
impediments placed along the DNA contour (hairpins or streptavidin blocks) did not affect the 
excision reaction (Wang et al. 2004).   
A "molecular switch" has also been proposed, in which the protein undergoes a 
conformational change following mismatch binding that allows it to diffuse passively along the 
DNA to the site of the strand discrimination signal (Gradia et al. 1999; Mendillo et al. 2005). 
These assays observed that ATP binding resulted in rapid dissociation of Msh2-Msh6 from 
mismatched oligonucleotide substrates, but if the ends of the oligonucleotides were blocked by 
streptavidin or lac repressor then dissociation of Msh2-Msh6 was reduced dramatically. 
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Dissociation in the absence of end-blocking was determined to be dependent on ATP binding but 
not hydrolysis. These results suggest that Msh2-Msh6 dissociated by sliding off the end of the 
DNA molecules upon nucleotide binding. 
 
FACILITATED DIFFUSION 
 The manner by which DNA-binding proteins are able to survey a vast amount of 
nonspecific genomic DNA in order to recognize a small number of specific sites or structures is a 
fundamental issue in understanding a diverse array of protein-DNA processes such as 
replication, gene expression and DNA repair. It has long been theorized that proteins may locate 
targets on DNA faster by initially binding the DNA at a nonspecific site and searching directly 
along the DNA, thereby reducing the dimensionality of the search. Ensemble studies provided 
credible evidence that this was the case for many proteins and recent developments in single-
molecule detection have now made it possible to visualize individual proteins as they interact 
with DNA providing new experimental methods capable of examining the dynamic motion of a 
target search along DNA molecules. The initial pre and pos-recognition steps of the MMR 
system provide a number of diverse target searches that must be conducted in an efficient and 
specific manner by Msh2-Msh6 and Mlh1-Pms1 making the mismatch repair pathway an 
excellent model system for studying facilitated diffusion. 
 
Theory 
 In 1970 Riggs and colleagues found that the lac repressor could locate its target 
(operator) up to 1,000-fold faster than the upper limit predicted for a simple three-dimensional 
diffusion-controlled process (Riggs et al. 1970). The extremely fast association rates were 
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believed to arise from acceleration due to electrostatic interactions, however previous literature 
had already postulated that the reaction rates, limited by the three-dimensional diffusion 
coefficients of the reactant molecules, could be overcome by reducing the dimensionality of the 
search process (Adam and Delbrück 1968). This idea was developed theoretically and 
experimentally with regards to DNA-binding proteins in the seminal works of Berg, von Hippel 
and colleagues (Berg et al. 1981; Winter and von Hippel 1981; Winter et al. 1981). This work 
outlined several theoretical models, which I emphasize are not mutually exclusive, to describe 
how proteins might search DNA for specific targets (Figure 1-4). Included among these are: 1) 
Random collision through three-dimensional space; 2) Hopping, wherein the protein moves 
along DNA through a series of microscopic dissociation and rebinding events; 3) Intersegmental 
transfer, in which a protein containing multiple DNA-binding domains can move from one 
location to another via a looped intermediate or between multiple strands via two simultaneously 
bound sites; 4) Sliding, in which the protein can move along the DNA through passive one-
dimensional diffusion. A fifth model, which is not diffusion-based, may also be considered as a 
method for a protein to locate it's target; Active translocation, where ATP-hydrolysis drives the 
protein unidirectionally along the DNA towards the target site.  
 Theoretical studies continued to advance upon this foundation with several important 
findings. It was noted that the diffusion rate of a protein along DNA would be drastically 
reduced if the protein were required to rotate around the DNA to maintain register with the 
phosphate backbone; the diffusion coefficient of an average sized protein (radius = 5 nm) would 
be reduced by approximately two orders of magnitude (Schurr 1979). Additionally, due to the 
highly redundant nature of one-dimensional diffusion, it has been calculated that the most 
efficient target search would incorporate both one-dimensional and three-dimensional 
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components with approximately equal time spent in each type of search (Halford and Marko 
2004; Wunderlich and Mirny 2008). The roughness of the energy landscape for a protein moving 
along DNA is also quite important and it is estimated that if this were to exceed ~2kBT then the 
search process would quickly become ineffective (Slutsky and Mirny. 2004). An important 
corollary to this finding is that in order to reconcile a relatively fast target search along DNA 
with strong specific binding, target recognition must be coupled to a conformational change 
(Slutsky and Mirny 2004).  
 
Ensemble Studies 
 Although early ensemble studies attempting to address the issue of facilitated diffusion 
were able to indirectly determine that proteins did travel along DNA, they were limited in their 
ability to describe the mechanisms and details of the motion. Most efforts focused on restriction 
enzymes due to experimental constraints. Placing multiple restriction sites on a single DNA 
molecule while varying the orientations and distances between sites could produce distinct 
combinations and quantities of restriction fragments based on the possible mechanism of the 
target search (Gowers et al. 2005; Jack et al. 1982). Alternatively, for proteins that did not cleave 
DNA, bulk assays employing end-blocked oligonucleotides could determine weather proteins 
would dissociate by direct means or by sliding off unobstructed DNA ends (Randell and Coen 
2001; McKinney et al. 2004). With these limited assays, very little could be determined 





 The advance of single molecule imaging techniques has resulted in a recent surge of 
publications describing the movements of proteins along DNA (reviewed in Gorman and Greene 
2008). The first single molecule optical assays to directly visualize a protein as it moved along 
DNA was designed to study the movement of RNA polymerase along nonspecific DNA as it 
searched for its promoter sequence (Kabata et al. 1993). This was a significant technological 
achievement that launched the current field of single molecule protein diffusion studies. More 
recently, and during the course of the work presented here, a number of groups have further 
developed total internal reflection fluorescence microscopy (TIRFM) assays using proteins 
involved in gene expression, DNA repair, DNA replication and DNA cleavage to gain an 
understanding of how the biophysical features of the mechanisms of diffusion effect the search 
process of these proteins (Harada et al. 1999; Wang et al. 2006; Blainey et al. 2006; Granéli et al. 
2006; Gorman et al. 2007; Gorman et al. 2010a; Bonnet et al. 2008; Kochaniak et al. 2009; 
Tafvizi et al. 2008).  
 Early single molecule experiments visualizing RNA polymerase on DNA molecules, 
while technologically advanced at the time, were limited to inferred observations or necessarily 
biasing the movements in order to gain a qualitative concept of the interactions (Kabata et al. 
1993). Recent advances both in optical techniques as well as experimental methods for extending 
and confining DNA within the evanescent field now allow for a far more detailed and 
quantitative analysis of protein movement. Notably, the diffusion coefficients for proteins in 
most of these studies range of several orders of magnitude (Gorman et al. 2008). It has been 
inferred that most of these proteins move primarily by a sliding mechanism that includes a 
rotational component based on the low diffusion coefficients, however no direct evidence of 
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rotation during unbiased diffusion has yet been presented (Sakata-Sogawa et al. 2004; Gorman et 
al. 2007; Blainey et al. 2006; 2009). 
 An important theoretical observation by Berg was that hopping could be discriminated 
from sliding by increasing the ionic concentration of the sample buffer and recently, proteins that 
display diffusion characterized by hopping/jumping have been observed (Komazin-Meredith et 
al. 2008; Bonnet et al. 2008; Gorman et al. 2010b).  Increasing the ionic concentration shifts a 
hopping protein towards spending more time in the three-dimensional highly diffusive state 
increasing the apparent diffusion coefficient, while the diffusion coefficient of sliding proteins 
would be unaffected. Additionally, large hops/jumps, on the order of several nanometers, would 
allow diffusing proteins to bypass obstacles along the path of the DNA such as other DNA-
binding proteins.  
 
DNA CURTAINS & RACKS 
TIRFM 
 Total internal reflection fluorescence microscopy (TIRFM) has become a powerful 
experimental tool for single molecule studies (reviewed in Schneckenburger 2005; Axelrod 
2008). The key advantage to TIRFM is a large reduction in the background fluorescence of a 
sample, thereby significantly increasing the signal to noise ratio, which allows the visualization 
of single fluorescent molecules. This feature is achieved through an illumination geometry in 
which a laser beam is completely reflected from the interface of a glass slide and an aqueous 
buffer. As a result of the reflection, the laser generates an electromagnetic field, referred to as an 
"evanescent wave”, which travels parallel to the interface penetrating only a couple hundred 
nanometers into the solution. This field decays exponentially in intensity as a function of the 
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distance form the interface, effectively limiting the excitation volume to within a few hundred 
nanometers of the surface of the glass. As a result, fluorescent molecules close to the surface are 
illuminated while the bulk of the solution is not thereby reducing the background noise by 
several orders of magnitude.  
 Since the excitation volume is limited to within a couple hundred nanometers of the 
interface, molecules of interest must be confined to a volume very close to the surface. This 
limitation of TIRFM is typically dealt with by attaching molecules to the glass surface. However, 
the surface attachments must be done in a manner that restricts nonspecific adsorption without 
impairing the biological integrity of the molecules. Our lab accomplishes this by depositing inert 
"biologically friendly" fluid lipid bilayers on the surface of the glass providing a passivated 
surface similar to what the molecules might encounter in a cell. Molecules of interest can be 
attached to the bilayer through modified lipid head groups and the fluidity of the bilayer can be 
used to our advantage to increase the number of molecules per field of view to gain statistically 
relevant results.  
 The following work relies heavily upon two types of TIRFM-based assays developed in 
our lab to visualize the single-molecule dynamics of MMR proteins on DNA (Figure 1-5; 
Granéli et al. 2006; Fazio et al. 2008; Gorman et al. 2010a; Greene et al. 2010). An important 
feature of lipids in a fluid bilayer is that they cannot pass obstructions and these assays make use 
of this property in order to align many molecules at barriers deposited on the glass (Cremer et al. 
1999). Through the use of e-beam lithography we have designed flowcells with nanopatterned 
barriers that allow the visualization of hundreds of aligned molecules of DNA suspended above 
an inert lipid bilayer in a single field of view. The DNA molecules are maintained in an extended 
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confirmation constrained within the illumination volume of the evanescent field by either 
hydrodynamic flow or by anchor points attached at the ends of each the DNA molecules.  
 
DNA Curtains 
The “DNA curtain” assay has previously been described in detail (Fig. 1-5A; Granéli et 
al. 2006; Fazio et al. 2008). In brief, a lipid bilayer is deposited on the surface of a microfluidic 
fused-silica flow cell on which nanopatterned lipid barriers have been deposited by e-beam 
lithography or nanoimprinting. Streptavidin is bound to a small fraction of lipids that contain 
biotinylated head groups (~0.1%). λ-DNA (48,5002 bp) that has been biotinylated at one end is 
then bound to the streptavidin, anchoring the DNA to the lipid bilayer. The tethered end prevents 
the DNA from diffusing back into solution while allowing for movement within the two 
dimensions of the fluid bilayer along the surface of the flowcell. Application of hydrodynamic 
flow then acts to drive the anchored DNA molecules to the edge of a nanopatterned diffusion 
barrier that restricts further translational movement of the lipids. With one end fixed at the edge 
of the barrier, the flow serves to extend the DNA molecules above the surface of the lipids 
confining them within the illumination volume of the evanescent field. This allows for the 
observation of hundreds of aligned DNA molecules in a single field of view.  
 
DNA Racks 
The second "DNA Rack" or “Double Tethered” assay is intended to observe protein-
DNA interactions while eliminating the perturbing effects of the hydrodynamic flow that is 
necessary to extend the DNA in the curtain assay above (Figure 1-5B; Gorman et al. 2010a; 
2010b). This assay differs from the “DNA curtain” in that it uses a second metallic pattern 
located downstream of the diffusion barriers to anchor the other end of λ-DNA. The secondary 
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pentagonal patterns serve as immobile anchor points for the DNA. Following deposition of the 
lipid bilayer on the glass surface, antibodies are incubated in the sample chamber of the flowcell 
for a brief time and bind nonspecifically to the pentagon patterns where no bilayer has formed. 
Streptavidin is then bound to the bilayer and used as an anchor point for λ-DNA as with the 
"DNA curtains". The λ-DNA molecules used for this assay are engineered with a biotin molecule 
on one end and a hapten (i.e. digoxigenin) on the other. Hydrodynamic flow is applied to align 
the DNA molecules in an extended conformation at the diffusion barrier. The extension of the 
DNA molecules positions the hapten-ends directly over the pentagons coated in antibody 
directed against the hapten and this serves to attach the second end of the DNA when these 
molecules come in contact, thus anchoring both ends of the DNA in an extended conformation 
confined within the evanescent field and eliminating the need for further buffer flow.  
 
SUMMARY 
 The MMR pathway is essential to maintaining genomic integrity and is initiated through 
a series of target search events that must occur accurately and rapidly during replication before 
signals to distinguish the nascent strand from the parental are lost. Details of these events remain 
unclear largely due to experimental and technological limitations. We have developed an assay 
to directly visualize these crucial early steps at the single molecule level in real time. In addition 
to elucidating the pre-recognition target search and recognition events, this work also addresses 
controversial models for post-recognition events in a clear and direct manner. The results 
presented here describing the target searches in MMR may also be generalized to various other 
DNA-binding proteins that may use similar mechanisms to function in gene expression, 






Figure 1-1. Overview of Eukaryotic DNA Mismatch Repair. A) Msh2-Msh6 initiates the 
MMR pathway by locating mispaired bases following polymerase misincorporation errors during 
DNA replication. B) Mlh1-Pms1 then must find mismatch-bound Msh2-Msh6. C) The two 
complexes together then locate a strand discrimination signal (discontinuities in the nascent 
strand) and Mlh1-Pms1 preferentially incises the DNA strand with a pre-existing nick. The 
nuclease activity of Pms1 also requires PCNA and RFC. D) ExoI loads onto the nick created by 
Mlh1-Pms1 and degrades the error-containing nascent strand. E) DNA polymerase δ and DNA 
Ligase fill in and seal the resulting gap.  
 
Figure 1-2. Structures of Mismatch Repair Proteins Msh2-Msh6 and Mlh1-Pms1. A) The 
human Msh2-Msh6 (blue and cyan respectively) complex is shown bound to heteroduplex DNA 
(green). Domains I-V are noted. The middle panel illustrates the Phe-X-Glu interaction with the 
heteroduplex DNA. The panel on the right shows the structure rotated 90°, highlighting the bend 
angle in the DNA molecule. B) A model of Mlh1-Pms1 is depicted based on crystal structures of 
the human N-terminal domains and prokaryotic C-terminal domain as well as AFM imaging data 
of the full-length eukaryotic protein. The lengths of the unstructured linkers determined by AFM 
are 21.7 nm and 30 nm for Mlh1 and Pms1 respectively accounting for ~160 amino acids and 
300 amino acids. Nucleotide binding is thought to mediate dimerization of the N-terminals 




Figure 1-3. Post-recognition Models. Three models are presented for data describing post-
recognition events that allow communication between the site of the mispaired bases and the 
strand discrimination signal (nick). In "Active Translocation" Msh2-Msh6 translocates flanking 
DNA, extruding the mismatch into a loop drawing the signal closer (left panel). "Static 
transactivation" presents a model where Msh2-Msh6 remains at the site of the mismatch and 
interacts with the strand discrimination signal through three-dimensional collision with a looped 
intermediate (middle panel). The "Molecular switch" model proposes that upon binding ATP, 
Msh2-Msh6 undergoes a conformation change in which it becomes a sliding clamp, which 
passively diffuses to the nick (right panel).  
 
Figure 1-4. Theoretical Mechanisms of Target Search. A) Random collision through three-
dimensional space. B) Sliding: in which the protein can move along the DNA helical axis 
through passive one-dimensional diffusion. C) Hopping: wherein the protein moves along DNA 
through a series of microscopic dissociation and re-association events; D) Intersegment transfer: 
a protein containing multiple DNA-binding domains can move from one location to another via a 
looped intermediate or between multiple strands via two simultaneously bound sites. E) Active 
translocation: ATP-hydrolysis drives the protein unidirectionally along DNA towards the target 
site. This image was originally published under the title "Visualizing one-dimensional diffusion 
of proteins along DNA" in Nature Structural and Molecular Biology (Gorman and Greene 2008). 
 
Figure 1-5. DNA Curtains & Racks. A) "DNA Curtain" Assay. The top panel depicts a cartoon 
representation of the surface components of a DNA curtain. Below are three panels describing 
the state of the surface under conditions with or without buffer flow. The addition of buffer flow 
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both extends the DNA molecules and pushes them up to the edge of the lipid diffusion barrier. 
The lower panel contains experimental images captured on an EMCCD camera of the DNA 
curtains with and without flow   B) "DNA Rack" assay.  The top panel is similar to the curtain 
assay with two additional components: the antibody coated pentagon pedestals and the hapten on 
the end of the DNA molecule. Once the DNA is extended at the barrier, the hapten-end of the 
DNA contacts and binds the anti-body coated pedestal eliminating the need for flow. 
Experimental images before and after the attachment of the DNA molecules are shown below, 









Acharya, S., Wilson, T., Gradia, S., Kane, M. F., Guerrette, S., Marsischky, G. T., Kolodner, R., 
and Fishel, R (1996). hMSH2 forms specific mispair-binding complexes with hMSH3 and 
hMSH6. Proceedings of the National Academy of Sciences of the United States of America 93, 
13629-34. 
 
Adam, G., and Delbrück, M. (1968). Reduction of dimensionality in biological diffusion 
processes. In Structural Chemistry and Molecular Biology (W.~H. Freeman and Company), pp. 
198-215. 
 
Alani, E (1996). The Saccharomyces cerevisiae Msh2 and Msh6 proteins form a complex that 
specifically binds to duplex oligonucleotides containing mismatched DNA base pairs. Molecular 
and cellular biology 16, 5604-15. 
 
Alani, Eric, Lee, J. Y., Schofield, Mark J, Kijas, A. W., Hsieh, Peggy, and Yang, Wei (2003). 
Crystal structure and biochemical analysis of the MutS.ADP.beryllium fluoride complex 
suggests a conserved mechanism for ATP interactions in mismatch repair. The Journal of 
biological chemistry 278, 16088-94. 
 
Allen, D. J., Makhov, a, Grilley, M., Taylor, J., Thresher, R., Modrich, P, and Griffith, J. D. 
(1997). MutS mediates heteroduplex loop formation by a translocation mechanism. The EMBO 




Antony, E., and Hingorani, M. M. (2003). Mismatch recognition-coupled stabilization of Msh2-
Msh6 in an ATP-bound state at the initiation of DNA repair. Biochemistry 42, 7682-93. 
 
Arana, M. E., Holmes, S. F., Fortune, J. M., Moon, A. F., Pedersen, L. C., and Kunkel, Thomas a 
(2010). Functional residues on the surface of the N-terminal domain of yeast Pms1. DNA repair 
9, 448-57. 
 
Axelrod, D. (2008). Total internal reflection fluorescence microscopy in cell biology. Methods in 
enzymology 361, 1-33. 
 
Ban, C., and Yang, W (1998). Crystal structure and ATPase activity of MutL: implications for 
DNA repair and mutagenesis. Cell 95, 541-52. 
 
Berg, O. G., Winter, R. B., and Hippel, P. H. von (1981). Diffusion-driven mechanisms of 
protein translocation on nucleic acids. 1. Models and theory. Biochemistry 20, 6929-48. 
 
Blackwell, L J, Bjornson, K P, Allen, D. J., and Modrich, P (2001). Distinct MutS DNA-binding 
modes that are differentially modulated by ATP binding and hydrolysis. The Journal of 
biological chemistry 276, 34339-47. 
 
Blackwell, Leonard J, Martik, D., Bjornson, Keith P, Bjornson, E. S., and Modrich, Paul (1998). 
Nucleotide-promoted Release of hMutS ␣ from Heteroduplex DNA Is Consistent with an ATP-
  
28 
dependent Translocation Mechanism * helix contour in a reaction dependent on nucleotide. 
Biochemistry 273, 32055-32062. 
 
Blainey, P. C., Luo, G., Kou, S. C., Mangel, W. F., Verdine, G. L., Bagchi, B., and Xie, X. S. 
(2009). Nonspecifically bound proteins spin while diffusing along DNA. Nature structural &  
molecular biology 16, 1224-9. 
 
Blainey, P. C., Oijen, A. M. van, Banerjee, A., Verdine, G. L., and Xie, X. S. (2006). A base-
excision DNA-repair protein finds intrahelical lesion bases by fast sliding in contact with DNA. 
Proceedings of the National Academy of Sciences of the United States of America 103, 5752-7. 
 
Bonnet, I. et al. (2008). Sliding and jumping of single EcoRV restriction enzymes on non-
cognate DNA. Nucleic acids research 36, 4118-27. 
 
Constantin, N., Dzantiev, L., Kadyrov, F. a, and Modrich, Paul (2005). Human mismatch repair: 
reconstitution of a nick-directed bidirectional reaction. The Journal of biological chemistry 280, 
39752-61. 
 
Cremer, P. S., and Boxer, S. G. (1999). Formation and spreading of lipid bilayers on planar glass 




Drotschmann, K., Yang, W, Brownewell, F. E., Kool, E. T., and Kunkel, T a (2001). 
Asymmetric recognition of DNA local distortion. Structure-based functional studies of 
eukaryotic Msh2-Msh6. The Journal of biological chemistry 276, 46225-9. 
 
Duppatla, V., Bodda, C., Urbanke, C., Friedhoff, P., and Rao, D. N. (2009). The C-terminal 
domain is sufficient for endonuclease activity of Neisseria gonorrhoeae MutL. The Biochemical 
journal 423, 265-77. 
 
Fallik, D., Borrini, F., Boige, V., Sabourin, J.-christophe, and Ducreux, M. (2003). Microsatellite 
Instability Is a Predictive Factor of the Tumor Response to Irinotecan in Patients with Advanced 
Colorectal Cancer Microsatellite Instability Is a Predictive Factor of the Tumor Response to 
Irinotecan in Patients with Advanced Colorectal Ca. Cancer Research, 5738-5744. 
 
Fazio, T., Visnapuu, M.-L., Wind, S., and Greene, E. C. (2008). DNA curtains and nanoscale 
curtain rods: high-throughput tools for single molecule imaging. Langmuir : the ACS journal of 
surfaces and colloids 24, 10524-31. 
 
Fukui, K. (2010). DNA mismatch repair in eukaryotes and bacteria. Journal of nucleic acids 
2010. 
 
Fukui, K., Nishida, M., Nakagawa, N., Masui, R., and Kuramitsu, S. (2008). Bound nucleotide 
controls the endonuclease activity of mismatch repair enzyme MutL. The Journal of biological 






Glickman, B. W., and Radman, M. (1980). Escherichia coli mutator mutants deficient in 
methylation-instructed DNA mismatch correction. Proceedings of the National Academy of 
Sciences of the United States of America 77, 1063-7. 
 
Gorman, J., Chowdhury, A., Surtees, J. a, Shimada, J., Reichman, D. R., Alani, Eric, and Greene, 
E. C. (2007). Dynamic basis for one-dimensional DNA scanning by the mismatch repair 
complex Msh2-Msh6. Molecular cell 28, 359-70. 
 
Gorman, J., Fazio, T., Wang, F., Wind, S., and Greene, E. C. (2010a). Nanofabricated racks of 
aligned and anchored DNA substrates for single-molecule imaging. Langmuir : the ACS journal 
of surfaces and colloids 26, 1372-9. 
 
Gorman, J., and Greene, E. C. (2008). Visualizing one-dimensional diffusion of proteins along 
DNA. Nature structural & molecular biology 15, 768-74. 
 
Gorman, J., Plys, A. J., Visnapuu, M.-L., Alani, Eric, and Greene, E. C. (2010a). Visualizing 
one-dimensional diffusion of eukaryotic DNA repair factors along a chromatin lattice. Nature 




Gorman, J., Plys, A. J., Visnapuu, M.-L., Alani, Eric, and Greene, E. C. (2010b). Visualizing 
one-dimensional diffusion of eukaryotic DNA repair factors along a chromatin lattice. Nature 
structural & molecular biology. 
Gowers, D. M., Wilson, G. G., and Halford, S. E. (2005). Measurement of the contributions of 
1D and 3D pathways to the translocation of a protein along DNA. Proceedings of the National 
Academy of Sciences of the United States of America 102, 15883-8. 
 
Gradia, S., Acharya, S., and Fishel, R (2000). The role of mismatched nucleotides in activating 
the hMSH2-hMSH6 molecular switch. The Journal of biological chemistry 275, 3922-30. 
 
Gradia, S., Subramanian, D., Wilson, T., Acharya, S., Makhov, a, Griffith, J., and Fishel, R 
(1999). hMSH2-hMSH6 forms a hydrolysis-independent sliding clamp on mismatched DNA. 
Molecular cell 3, 255-61. 
 
Granéli, A., Yeykal, C. C., Prasad, T. K., and Greene, E. C. (2006). Organized arrays of 
individual DNA molecules tethered to supported lipid bilayers. Langmuir : the ACS journal of 
surfaces and colloids 22, 292-9. 
 
Granéli, A., Yeykal, C. C., Robertson, R. B., and Greene, E. C. (2006). Long-distance lateral 
diffusion of human Rad51 on double-stranded DNA. Proceedings of the National Academy of 




Greene, E. C., Wind, S., Fazio, T., Gorman, J., and Visnapuu, M.-L. (2010). DNA curtains for 
high-throughput single-molecule optical imaging. Methods in enzymology 472, 293-315. 
 
Grilley, M., Welsh, K. M., Su, S. S., and Modrich, P (1989). Isolation and characterization of the 
Escherichia coli mutL gene product. The Journal of biological chemistry 264, 1000-4. 
 
Guarné, a, Junop, M S, and Yang, W (2001). Structure and function of the N-terminal 40 kDa 
fragment of human PMS2: a monomeric GHL ATPase. The EMBO journal 20, 5521-31. 
 
Guarné, A., Ramon-Maiques, S., Wolff, E. M., Ghirlando, R., Hu, X., Miller, J. H., and Yang, 
Wei (2004). Structure of the MutL C-terminal domain: a model of intact MutL and its roles in 
mismatch repair. The EMBO journal 23, 4134-45. 
 
Halford, S. E., and Marko, J. F. (2004). How do site-specific DNA-binding proteins find their 
targets? Nucleic acids research 32, 3040-52. 
 
Hall, M., Shcherbakova, P. V., Fortune, J. M., Borchers, C. H., Dial, J. M., Tomer, K. B., and 
Kunkel, T. A. (2003). DNA binding by yeast Mlh1 and Pms1: implications for DNA mismatch 
repair. Nucleic acids research 31, 2025-34. 
 
Hall, M., Shcherbakova, P. V., and Kunkel, Thomas a (2002). Differential ATP binding and 
intrinsic ATP hydrolysis by amino-terminal domains of the yeast Mlh1 and Pms1 proteins. The 




Hall, M., Wang, H, Erie, D a, and Kunkel, T a (2001). High affinity cooperative DNA binding by 
the yeast Mlh1-Pms1 heterodimer. Journal of molecular biology 312, 637-47. 
 
Hampel, H. et al. (2008). Feasibility of screening for Lynch syndrome among patients with 
colorectal cancer. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology 26, 5783-8. 
 
Harada, Y., Funatsu, T., Murakami, K., Nonoyama, Y., Ishihama, a, and Yanagida, T. (1999). 
Single-molecule imaging of RNA polymerase-DNA interactions in real time. Biophysical journal 
76, 709-15. 
 
Hirose, Y., Katayama, M., Stokoe, D., Haas-kogan, D. A., Berger, M. S., and Pieper, R. O. 
(2003). The p38 Mitogen-Activated Protein Kinase Pathway Links the DNA Mismatch Repair 
System to the G 2 Checkpoint and to Resistance to Chemotherapeutic DNA-Methylating Agents. 
Society 23, 8306-8315. 
 
Iaccarino, I., Marra, G., Palombo, F., and Jiricny, J (1998). hMSH2 and hMSH6 play distinct 
roles in mismatch binding and contribute differently to the ATPase activity of hMutSalpha. The 
EMBO journal 17, 2677-86. 
 
Inouye, M. (2000). REVIEWS GHKL , an emergent ATPase / kinase superfamily Rinku Dutta 




Iyer, R. R., Pohlhaus, T. J., Chen, S., Hura, G. L., Dzantiev, L., Beese, L. S., et al. (2008). The 
MutSalpha-proliferating cell nuclear antigen interaction in human DNA mismatch repair. The 
Journal of biological chemistry, 283(19), 13310-9. 
 
Jack, W. E., Terry, B. J., and Modrich, P (1982). Involvement of outside DNA sequences in the 
major kinetic path by which EcoRI endonuclease locates and leaves its recognition sequence. 
Proceedings of the National Academy of Sciences of the United States of America 79, 4010-4. 
 
Jiricny, J, Su, S. S., Wood, S. G., and Modrich, P (1988). Mismatch-containing oligonucleotide 
duplexes bound by the E. coli mutS-encoded protein. Nucleic acids research 16, 7843-53. 
 
Jiricny, Josef (2006). The multifaceted mismatch-repair system. Nature reviews. Molecular cell 
biology 7, 335-46. 
 
Junop, M S, Obmolova, G., Rausch, K., Hsieh, P, and Yang, W (2001). Composite active site of 
an ABC ATPase: MutS uses ATP to verify mismatch recognition and authorize DNA repair. 
Molecular cell 7, 1-12. 
 
Junop, Murray S, Yang, Wei, Funchain, P., Clendenin, W., and Miller, J. H. (2003). In vitro and 
in vivo studies of MutS, MutL and MutH mutants: correlation of mismatch repair and DNA 




Kabata, H., Kurosawa, O., Arai, I., Washizu, M., Margarson, S. a, Glass, R. E., and Shimamoto, 
N (1993). Visualization of single molecules of RNA polymerase sliding along DNA. Science 
(New York, N.Y.) 262, 1561-3. 
 
Kadyrov, F. a, Dzantiev, L., Constantin, N., and Modrich, Paul (2006). Endonucleolytic function 
of MutLalpha in human mismatch repair. Cell 126, 297-308. 
 
Kadyrov, F. a, Holmes, S. F., Arana, M. E., Lukianova, O. a, OʼDonnell, M., Kunkel, Thomas a, 
and Modrich, Paul (2007). Saccharomyces cerevisiae MutLalpha is a mismatch repair 
endonuclease. The Journal of biological chemistry 282, 37181-90. 
 
Kochaniak, A. B., Habuchi, S., Loparo, J. J., Chang, D. J., Cimprich, K. a, Walter, J. C., and 
Oijen, A. M. van (2009). Proliferating cell nuclear antigen uses two distinct modes to move 
along DNA. The Journal of biological chemistry 284, 17700-10. 
 
Kolodner, R. (1996). Biochemistry and genetics of eukaryotic mismatch repair. Genes & 
Development 10, 1433-1442. 
 
Komazin-Meredith, G., Mirchev, R., Golan, D. E., Oijen, A. M. van, and Coen, Donald M 
(2008). Hopping of a processivity factor on DNA revealed by single-molecule assays of 





Kosinski, J., Steindorf, I., Bujnicki, J. M., Giron-Monzon, L., and Friedhoff, P. (2005). Analysis 
of the quaternary structure of the MutL C-terminal domain. Journal of molecular biology 351, 
895-909. 
 
Kunkel, T., and Erie, D. (2005). DNA mismatch repair. Annual review of biochemistry 74, 681-
710. 
 
Lahue, R. S., Au, K. G., and Modrich, P (1989). DNA mismatch correction in a defined system. 
Science (New York, N.Y.) 245, 160-4. 
 
Lebbink, J. H. G., Fish, A., Reumer, A., Natrajan, G., Winterwerp, H. H. K., and Sixma, T. K. 
(2010). Magnesium coordination controls the molecular switch function of DNA mismatch 
repair protein MutS. The Journal of biological chemistry 285, 13131-41. 
 
Li, G. M., and Modrich, P (1995). Restoration of mismatch repair to nuclear extracts of H6 
colorectal tumor cells by a heterodimer of human MutL homologs. Proceedings of the National 
Academy of Sciences of the United States of America 92, 1950-4. 
 
Li, G.-M. (2008). Mechanisms and functions of DNA mismatch repair. Cell research 18, 85-98. 
 
Lynch, H. T., Lynch, P. M., Lanspa, S. J., Snyder, C. L., Lynch, J. F., and Boland, C. R. (2009). 
Review of the Lynch syndrome: history, molecular genetics, screening, differential diagnosis, 




Marsischky, G. T., Filosi, N., Kane, M. F., & Kolodner, R. D. (1996). Redundancy of 
Saccharomyces cerevisiae MSH3 and MSH6 in MSH2-dependent mismatch repair. Genes & 
Development, 10(4), 407-420.  
 
Marsischky, G. T., and Kolodner, R. (1999). Biochemical characterization of the interaction 
between the Saccharomyces cerevisiae MSH2-MSH6 complex and mispaired bases in DNA. The 
Journal of biological chemistry 274, 26668-82. 
 
Martik, D., Baitinger, C., and Modrich, Paul (2004). Differential specificities and simultaneous 
occupancy of human MutSalpha nucleotide binding sites. The Journal of biological chemistry 
279, 28402-10. 
 
Martin, S. a, McCarthy, A., Barber, L. J., Burgess, D. J., Parry, S., Lord, C. J., and Ashworth, A. 
(2009). Methotrexate induces oxidative DNA damage and is selectively lethal to tumour cells 
with defects in the DNA mismatch repair gene MSH2. EMBO molecular medicine 1, 323-37. 
 
Mauris, J., and Evans, T. C. (2009). Adenosine triphosphate stimulates Aquifex aeolicus MutL 
endonuclease activity. PloS one 4, e7175. 
 
Mazur, D. J., Mendillo, M. L., and Kolodner, Richard D (2006). Inhibition of Msh6 ATPase 
activity by mispaired DNA induces a Msh2(ATP)-Msh6(ATP) state capable of hydrolysis-




Mazurek, A., Johnson, C. N., Germann, M. W., and Fishel, Richard (2009). Sequence context 
effect for hMSH2-hMSH6 mismatch-dependent activation. Proceedings of the National 
Academy of Sciences of the United States of America 106, 4177-82. 
 
McKinney, K., Mattia, M., Gottifredi, V., and Prives, C. (2004). p53 linear diffusion along DNA 
requires its C terminus. Molecular cell 16, 413-24. 
 
Mendillo, M. L., Mazur, D. J., and Kolodner, Richard D (2005). Analysis of the interaction 
between the Saccharomyces cerevisiae MSH2-MSH6 and MLH1-PMS1 complexes with DNA 





Modrich, Paul (2006). Mechanisms in eukaryotic mismatch repair. The Journal of biological 
chemistry 281, 30305-9. 
 
Nehmé, a, Baskaran, R., Aebi, S., Fink, D., Nebel, S., Cenni, B., Wang, J. Y., Howell, S. B., and 
Christen, R. D. (1997). Differential induction of c-Jun NH2-terminal kinase and c-Abl kinase in 
  
39 
DNA mismatch repair-proficient and -deficient cells exposed to cisplatin. Cancer research 57, 
3253-7. 
 
Nehmé, a, Baskaran, R., Nebel, S., Fink, D., Howell, S. B., Wang, J. Y., and Christen, R. D. 
(1999). Induction of JNK and c-Abl signalling by cisplatin and oxaliplatin in mismatch repair-
proficient and -deficient cells. British journal of cancer 79, 1104-10. 
 
Obmolova, G., Ban, C., Hsieh, P, and Yang, W (2000). Crystal structures of mismatch repair 
protein MutS and its complex with a substrate DNA. Nature 407, 703-10. 
 
Owen, B. a L., H Lang, W., and McMurray, C. T. (2009). The nucleotide binding dynamics of 
human MSH2-MSH3 are lesion dependent. Nature structural & molecular biology 16, 550-7. 
 
Peltomäki, P., and Vasen, H. (2004). Mutations associated with HNPCC predisposition -- Update  
of ICG-HNPCC/INSiGHT mutation database. Disease markers 20, 269-76. 
 
Pluciennik, A., Burdett, V., Lukianova, O., OʼDonnell, M., & Modrich, Paul. (2009). 
Involvement of the beta clamp in methyl-directed mismatch repair in vitro. The Journal of 
biological chemistry, 284(47), 32782-91.  
 
Prolla, T. a, Christie, D. M., and Liskay, R. M. (1994). Dual requirement in yeast DNA 
mismatch repair for MLH1 and PMS1, two homologs of the bacterial mutL gene. Molecular and 




Prolla, T. a, Pang, Q., Alani, E, Kolodner, R D, and Liskay, R. M. (1994). MLH1, PMS1, and 
MSH2 interactions during the initiation of DNA mismatch repair in yeast. Science (New York, 
N.Y.) 265, 1091-3. 
 
Randell, J. C., and Coen, D M (2001). Linear diffusion on DNA despite high-affinity binding by 
a DNA polymerase processivity factor. Molecular cell 8, 911-20. 
 
Ribic, C. M. et al. (2003). Tumor microsatellite-instability status as a predictor of benefit from 
fluorouracil-based adjuvant chemotherapy for colon cancer. The New England journal of 
medicine 349, 247-57. 
 
Riggs, A. D., Bourgeois, S., and Cohn, M. (1970). The lac repressor-operator interaction. 3. 
Kinetic studies. Journal of molecular biology 53, 401-17. 
 
Sacho, E. J., Kadyrov, F. a, Modrich, Paul, Kunkel, Thomas a, and Erie, Dorothy a (2008). 
Direct visualization of asymmetric adenine-nucleotide-induced conformational changes in MutL 
alpha. Molecular cell 29, 112-21. 
 
Sakata-Sogawa, K., and Shimamoto, Nobuo (2004). RNA polymerase can track a DNA groove 
during promoter search. Proceedings of the National Academy of Sciences of the United States 




Schaaper, R. M. (1993). Base selection, proofreading, and mismatch repair during DNA 
replication in Escherichia coli. The Journal of biological chemistry 268, 23762-5. 
 
Schneckenburger, H. (2005). Total internal reflection fluorescence microscopy: technical 
innovations and novel applications. Current opinion in biotechnology 16, 13-8. 
 
Schofield, M J, Brownewell, F. E., Nayak, S., Du, C, Kool, E. T., and Hsieh, P (2001). The Phe-
X-Glu DNA binding motif of MutS. The role of hydrogen bonding in mismatch recognition. The 
Journal of biological chemistry 276, 45505-8. 
 
Schurr, M. (1979). The one-dimensional diffusion coefficient of proteins absorbed on DNA. 
Hydrodynamic considerations. Biophysical chemistry 9, 413-4. 
 
Siegel, E. C., and Bryson, V. (1967). Mutator gene of Escherichia coli B. Journal of bacteriology 
94, 38-47. 
 
Slutsky, M., and Mirny, L. a (2004). Kinetics of protein-DNA interaction: facilitated target 
location in sequence-dependent potential. Biophysical journal 87, 4021-35. 
 
Smith, B. T., Grossman, a D., & Walker, G. C. (2001). Visualization of mismatch repair in 




Stojic, L., Brun, R., and Jiricny, Josef (2004). Mismatch repair and DNA damage signalling. 
DNA repair 3, 1091-101. 
 
Su, S. S., Lahue, R. S., Au, K. G., and Modrich, P (1988). Mispair specificity of methyl-directed 
DNA mismatch correction in vitro. The Journal of biological chemistry 263, 6829-35. 
 
Su, S. S., and Modrich, P (1986). Escherichia coli mutS-encoded protein binds to mismatched 
DNA base pairs. Proceedings of the National Academy of Sciences of the United States of 
America 83, 5057-61. 
 
Tafvizi, A., Huang, F., Leith, J. S., Fersht, A. R., Mirny, L. a, and Oijen, A. M. van (2008). 
Tumor suppressor p53 slides on DNA with low friction and high stability. Biophysical journal 
95, L01-3. 
 
Vasen, H. F. a et al. (2007). Guidelines for the clinical management of Lynch syndrome 
(hereditary non-polyposis cancer). Journal of medical genetics 44, 353-62. 
 
Wang, Hong et al. (2003). DNA bending and unbending by MutS govern mismatch recognition 
and specificity. Proceedings of the National Academy of Sciences of the United States of 
America 100, 14822-7. 
 
Wang, Huixian, and Hays, J. B. (2004). Signaling from DNA mispairs to mismatch-repair 




Wang, Y. M., Austin, R. H., and Cox, E. C. (2006). Single molecule measurements of repressor 
protein 1D diffusion on DNA. Physical review letters 97, 048302. 
 
Warren, J. J., Pohlhaus, T. J., Changela, A., Iyer, R. R., Modrich, P. L., and Beese, L. S. (2007). 
Structure of the human MutSalpha DNA lesion recognition complex. Molecular cell 26, 579-92. 
 
Wei, K., Kucherlapati, R., and Edelmann, W. (2002). Mouse models for human DNA mismatch-
repair gene defects. Trends in molecular medicine 8, 346-53. 
 
Welsh, K. M., Lu, a L., Clark, S., and Modrich, P (1987). Isolation and characterization of the 
Escherichia coli mutH gene product. The Journal of biological chemistry 262, 15624-9. 
 
Wind, N. de, Dekker, M., Berns, a, Radman, M., and Riele, H. te (1995). Inactivation of the 
mouse Msh2 gene results in mismatch repair deficiency, methylation tolerance, 
hyperrecombination, and predisposition to cancer. Cell 82, 321-30. 
 
Wind, N. de et al. (1999). HNPCC-like cancer predisposition in mice through simultaneous loss 
of Msh3 and Msh6 mismatch-repair protein functions. Nature genetics 23, 359-62. 
 
Winter, R. B., Berg, O. G., and Hippel, P. H. von (1981). Diffusion-driven mechanisms of 
protein translocation on nucleic acids. 3. The Escherichia coli lac repressor--operator interaction: 




Winter, R. B., and Hippel, P. H. von (1981). Diffusion-driven mechanisms of protein 
translocation on nucleic acids. 2. The Escherichia coli repressor--operator interaction: 
equilibrium measurements. Biochemistry 20, 6948-60. 
 
Wunderlich, Z., and Mirny, L. a (2008). Spatial effects on the speed and reliability of protein-
DNA search. Nucleic acids research 36, 3570-8. 
 
Yamamoto, a, Schofield, M J, Biswas, I., and Hsieh, P (2000). Requirement for Phe36 for DNA 
binding and mismatch repair by Escherichia coli MutS protein. Nucleic acids research 28, 3564-
9. 
 
Yamane, K., Taylor, K., and Kinsella, T. J. (2004). Mismatch repair-mediated G2/M arrest by 6-
thioguanine involves the ATR-Chk1 pathway. Biochemical and biophysical research 
communications 318, 297-302. 
 
Zhai, J., and Hingorani, M. M. (2010). Saccharomyces cerevisiae Msh2-Msh6 DNA binding 
kinetics reveal a mechanism of targeting sites for DNA mismatch repair. Proceedings of the 









































CHAPTER 2: Dynamic Basis for One-dimensional DNA Scanning 
by the Mismatch Repair Complex Msh2-Msh6 
 
Jason Gorman‡1, Arindam Chowdhury†‡2, Jennifer A. Surtees3, Jun Shimada4, David R. 
Reichman4, Eric Alani3, and Eric C. Greene2 
 
1Departments of Biological Sciences, and 2Biochemistry and Molecular Biophysics, Columbia 
University, New York, NY, 10032; 3Department of Molecular Biology and Genetics, Cornell 
University, 459 Biotechnology Building, Ithaca, NY 14853-2703; 4Department of Chemistry, 
Columbia University, New York, NY 10027 
 
‡ These authors contributed equally to this work.  
†Current Address: Department of Chemistry, Indian Institute of Technology Bombay, Mumbai, 









The ability of proteins to locate specific sites or structures among a vast excess of 
nonspecific DNA is a fundamental theme in biology. Yet the basic principles that govern these 
mechanisms remain poorly understood. For example, mismatch repair proteins must scan 
millions of base pairs to find rare biosynthetic errors, and they then must probe the surrounding 
region to identify the strand discrimination signals necessary to distinguish the parental and 
daughter strands. To determine how these proteins might function we used single-molecule 
optical microscopy to answer the following question: How does the mismatch repair complex 
Msh2-Msh6 interrogate undamaged DNA? Here we show that Msh2-Msh6 slides along DNA via 
one-dimensional diffusion. These findings indicate that interactions between Msh2-Msh6 and 
DNA are dominated by lateral movement of the protein along the helical axis and have 






   
INTRODUCTION  
Post-replicative mismatch repair (MMR) corrects DNA synthesis errors before they lead 
to genomic instability (Hsieh, 2001; Kunkel and Erie, 2005; Modrich and Lahue, 1996). This 
repair pathway increases the fidelity of DNA replication by up to 1000-fold, and cells harboring 
mutations in MMR proteins suffer from an increased frequency of spontaneous mutation (Kunkel 
and Erie, 2005; Modrich and Lahue, 1996). In E. coli, MutS, MutL, and MutH promote strand-
specific repair by taking advantage of the transiently unmethylated state of the newly synthesized 
strand. MutS binds mismatched DNA and together with MutL activates the MutH endonuclease. 
This leads to cleavage of the daughter strand at the nearest hemi-methylated dGATC, which 
provides entry for other proteins that complete the downstream steps of the pathway (Kunkel and 
Erie, 2005; Lahue et al., 1989). 
 Many MMR proteins are conserved throughout evolution (Kunkel and Erie, 2005; 
Modrich, 2006). In S. cerevisiae and humans, the Msh2-Msh6 heterodimer (MutS homolog) is 
responsible for the recognition and repair of mispaired bases and small insertion/deletion loops 
(Kunkel and Erie, 2005; Modrich, 2006). The importance of Msh2-Msh6 is highlighted by the 
finding that mutations in MMR proteins lead to hereditary nonpolyposis colorectal cancer 
(HNPCC) and may influence the onset of up to 25% of other sporadic tumors (reviewed in 
Modrich, 2006).  
 MutS and Msh2-Msh6 resemble clamps that encircle DNA (Figure 2-1C; Gradia et al., 
1999; Kunkel and Erie, 2005; Lamers et al., 2000; Obmolova et al., 2000; Warren et al., 2007). 
The bound DNA is kinked by ~45-60˚ and the relative ease with which a mismatch can be 
distorted may play an important role in target discrimination (Yang, 2006). After mismatch 
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binding, identification of the strand discrimination signals can occur at sites ≥1kb away from the 
lesion (Kunkel and Erie, 2005; Modrich, 2006). Several models have been proposed to explain 
how recognition occurs at the distal location, including: (1) “active translocation”, where the 
protein uses the free energy released from the hydrolysis of ATP to move along the DNA (Allen 
et al., 1997; Blackwell et al., 1998);  (2) the “molecular switch” model in which ATP binding 
triggers a conformational change enabling the protein to passively slide along the DNA (Gradia 
et al., 1999; Mendillo et al., 2005); and (3) “static transactivation” where interactions are 
governed by a through-space collision between the stationary mismatch-bound bound protein 
and the distal site (Ban et al., 1999; Lamers et al., 2000; Obmolova et al., 2000). The mechanism 
by which this occurs remains controversial, nevertheless, accumulating evidence supports the 
notion that MutS-related proteins can form “sliding clamps” on DNA after recognition of a 
lesion and subsequent exchange of ADP for ATP (Gradia et al., 1999; Jiang et al., 2005; 
Mendillo et al., 2005; Pluciennik and Modrich, 2007).  
In contrast to the post-recognition events, few studies have addressed how DNA is 
scanned before a lesion has been located; this inattention is largely due to the lack of 
experimental methods capable of directly probing detailed dynamic aspects of these mechanisms. 
As a consequence, many kinetic schemes have inferred that mismatch binding occurs through a 
random collision mechanism (Blackwell et al., 2001; Yang et al., 2005; Mazur et al., 2006, 
Jacobs-Palmer and Hingorani, 2007). The problem of lesion recognition is best illustrated by 
considering the small number of potential targets that Msh2-Msh6 must locate within the 
genome. The intrinsic error rate of replicative DNA polymerases yields ~1 mispair per 10 
million bases, and S. cerevisiae, with a diploid genome of ~2.4x107 base pairs, will only incur ~2 
mispaired bases with each replication cycle (Fortune et al., 2005; Kunkel, 2004).  
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Several models have been developed to describe how proteins might search for their 
targets (Berg et al., 1981; Halford and Marko, 2004; von Hippel and Berg, 1989). These include: 
(1) random collision through 3-dimensional space; (2) hopping, wherein the protein moves along 
DNA through a series of microscopic dissociation and rebinding events; (3) intersegment 
transfer, in which a protein containing multiple DNA-binding domains can move from one 
location to another via a looped intermediate with two simultaneously bound sites; (4) sliding, 
which posits that the protein can move along the DNA via 1D-diffusion; and (5) active 
translocation, which is a possibility for proteins that have intrinsic nucleotide hydrolysis activity.  
To determine which model(s) might contribute to the mechanisms of the MMR we 
sought to answer the following question: How does Msh2-Msh6 travel along undamaged duplex 
DNA? We used total internal reflection fluorescence microscopy (TIRFM) to visualize the 
behavior of Msh2-Msh6 as it interacted with individual molecules of DNA. These experiments 
revealed that Msh2-Msh6 could slide along the helical axis of DNA via 1D-diffusion. This 
movement did not require mismatch recognition or ATP hydrolysis, and was driven by thermal 
energy. Our data were consistent with a model in which Msh2-Msh6 rotates in register with the 
phosphate backbone while maintaining constant contact with the DNA. We also show that Msh2-
Msh6 can reversibly enter a non-diffusing, immobile state. Importantly, the immobile proteins 
rapidly convert back to a diffusive state in a reaction that is dependent upon nucleotide exchange. 
We propose a model in which Msh2-Msh6 could slide or be pulled along DNA behind a 




MATERIALS AND METHODS 
Reaction conditions 
For TIRFM experiments, Msh2-Msh6 (100 nM) was mixed with 100-200 nM anti-HA 
QDs in reaction buffer containing 40 mM Tris-HCl (pH 7.8), 150 mM NaCl, 1 mM MgCl2, 1 
mM DTT, and 0.2 mg/ml BSA, and reactions were incubated for 15-20 minutes on ice. Similar 
results were also obtained at 10:1 QD to protein ratios. The reactions were then diluted to a final 
volume of 100 µl (2.5 – 5 nM Msh2-Msh6) immediately prior to injecting the protein into the 
sample chamber. TIRFM experiments were done using 40 mM Tris-HCl (pH 7.8), 50 mM NaCl, 
1 mM MgCl2, 1 mM DTT, 0.2 mg/ml BSA with or without 1 mM nucleotide (ADP or ATP), as 
indicated. In experiments with fluorescent DNA 0.5 nM YOYO1 was also included, this low 
concentration of dye does not affect the length of the DNA as is the case with much higher 
concentrations of YOYO1. The labeled proteins were injected into the sample chamber under 
constant flow and the unbound proteins were quickly flushed from the sample chamber. To 
minimize laser-induced DNA damage an oxygen scavenging system comprised of 0.5% β-
mercaptoethanol, 0.1X GLOXY, and 1% glucose was included in the reactions. Approximately 
75% of the experiments were performed with YOYO1 present and 25% were performed without 
YOYO1, and there was no detectable difference in the behavior of the proteins with or with the 
DNA stain. YOYO1 and the oxygen scavenging system were tested in bulk assays and did not 
affect the DNA binding or ATPase activity of Msh2-Msh6 (data not shown).  
 
DNA curtain assay  
Assays with the DNA curtains were performed under essentially the same reaction 
conditions as described above. The only exception is that buffer was continually flowing through 
  
56 
the chamber to maintain the DNA molecules aligned along the edges of the diffusion barriers and 
visible within the evanescent field. For these assays Msh2-Msh6 was injected over a period of ~5 
minutes in the presence of 1 mM ADP, and allowed to bind to the λ-DNA. During this time, 
some of the Msh2-Msh6 stopped sliding and these immobile proteins functioned as barriers 
behind which any remaining sliding proteins would accumulate. The flowcells were then rinsed 
for several additional minutes until all of the unbound proteins were removed from the sample 
chamber. Data collection was then initiated and all of these experiments consisted of a series of 
steps beginning with the Flow ON/OFF control and followed by switching to buffer containing 2 
mM ATP. Videos were collected continuously throughout this procedure. 
 All additional details of experimental procedures, calculations and further discussion are 
provided as Supplemental Information.  
 
RESULTS  
Visualizing Msh2-Msh6 on single-molecules of DNA 
We have developed a TIRFM-based approach for probing the dynamics of protein-DNA 
interactions at the single-molecule level (Figure 2-1A; Graneli et al., 2006b). This method relies 
on λ-DNA (48,502 bps) tethered by both ends to anchor points on a surface otherwise coated 
with a lipid bilayer. Proteins bound to the DNA are suspended above the bilayer and contained 
within an inert microenvironment. The DNAs are maintained in an extended configuration and 
confined within the detection volume defined by the penetration depth of the evanescent field 
(Figure 2-1A; Graneli et al., 2006b).  
HA-tagged Msh2-Msh6 from S. cerevisiae was labeled with antibody-conjugated 
quantum dots (QDs; Supplemental Information). We confirmed that this labeling strategy did not 
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interfere with the biochemical behaviors of Msh2-Msh6 by performing ATP hydrolysis and 
DNA-binding assays in the presence and absence of the QDs (Figure 2-S1). These assays, and 
additional evidence presented below, demonstrated that the labeled proteins retained normal 
biochemical properties.  
To probe the behavior of Msh2-Msh6 at the single-molecule level, a tethered DNA was located 
by staining with YOYO1 (0.5 nM). This low concentration of dye did not perturb the behavior of 
the protein in any of the bulk assays (data not shown). Msh2-Msh6 was then injected along with 
ADP, incubated for a brief period, and unbound proteins were rinsed from the flowcell. Using 
this approach we detected co-localization of the Msh2-Msh6-QD complex with the YOYO1-
stained DNA (Figure 2-1B). Controls using QDs with either no Msh2-Msh6 or with Msh2-Msh6 
that lacked the HA tag did not yield any DNA bound complexes (data not shown). This 
confirmed that the co-localized fluorescent signals were due to specific interactions between 
Msh2-Msh6 and the DNA. We verified that the protein complexes were bound to DNA by 
breaking the YOYO1-stained molecules at a high photon flux (Figure 2-1B). When a break 
occurred, both the DNA and the proteins drifted out of the evanescent field (Figure 2-1B), 
confirming that the proteins were bound to the DNA and were not stuck to the bilayer.  
 
Msh2-Msh6 slides on DNA via one-dimensional diffusion 
Videos were captured with an electron-multiplying CCD (EMCCD) to monitor the 
behavior of Msh2-Msh6. As shown in Figure 2-2, Msh2-Msh6 moved along the individual DNA 
molecules over distances that spanned several kilobases. These experiments were done in the 
presence of 1 mM ADP (Figure 2-2), so the observed motion was not dependent upon ATP 
hydrolysis. This was consistent with previous suggestions that Msh2-Msh6 may be in “search-
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mode” while in the ADP-bound state (Gradia et al., 1999; Jacobs-Palmer and Hingorani, 2006). 
The same type of movement was observed in experiments performed with either ATP or no 
added nucleotide (see below). Sliding was seen at NaCl concentrations ranging from 50 mM up 
to 250 mM, but at higher salt concentrations the proteins rapidly dissociated from the DNA (see 
below). There was no buffer flowing during the data collection, eliminating the possibility that 
the proteins were being pushed along the DNA. At the outset of the reactions almost all of the 
proteins (>90%) slide along the DNA, but over longer incubations (several minutes) 
approximately 50% of the bound proteins stopped moving (Figure 2-2 and see below). Immobile 
proteins occasionally resumed sliding (Figure 2-2E and Figure 2-S2), suggesting entry into the 
non-diffusing state was reversible.   
The movement of Msh2-Msh6 was analyzed with a tracking algorithm that located the 
centroid of each complex (Supplemental Information). Figure 2-3A shows a kymogram of a 
diffusing Msh2-Msh6 complex and the inset highlights the rapid blinking behavior of the QD, 
indicating that the signal is due to a single QD. Figure 2-3B shows the trace generated from the 
tracking algorithm superimposed on the kymogram of the mobile protein. The tracking data and 
a corresponding plot of mean-squared-displacement (MSD) versus time interval are shown in the 
lower panels (Figure 2-3C and D, respectively). For unbiased 1D-diffusion, the MSD varies 
linearly with time interval, yielding a line whose slope can be used to calculate the diffusion 
coefficient (Blainey et al., 2006; Graneli et al., 2006b; Qian et al., 1991). Of the 125 complexes 
that were tracked (~7.5 hours of diffusion data), 58 displayed linear MSD plots. The remaining 
67 deviated from linearity over longer time intervals, in an manner characteristic of bounded 
diffusion (Figure 2-4A, Supplemental Information; Qian, et al., 1991). A histogram of the 
diffusion coefficients from all 125 of the MSD plots is shown in Figure 2-4B, revealing a mean 
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of D1,obs = 0.012 ± 0.018 µm2/sec, with a distribution of values ranging from 0.0002 µm2/sec up 
to 0.09 µm2/sec, and a median of 0.0058 µm2/sec.  
Based on hydrodynamic considerations, the theoretical maximum for the 1D-diffusion 
coefficient for a complex approximated as a sphere with a 12.9 nm radius (Stokes radius of QD-
Msh2-Msh6 complex; Figure 2-S4) that slides on DNA without rotating around the helical axis is 
D1,calc=18.3 µm2/sec (Figure 2-S5 and Supplemental Information); this was several orders of 
magnitude greater than the values observed for Msh2-Msh6. As previously reported (Blainey et 
al., 2006; Schurr, 1979), the theoretical maximum for the diffusion coefficient drops to D1,calc= 
0.024 µm2/sec if the protein must rotate to maintain constant register with the phosphate 
backbone (Figure 2-S5). Thus the values measured for Msh2-Msh6 were most consistent with 
diffusive behavior that included a rotational component. This interpretation was in agreement 
with the available structures, which show that MutS and Msh2-Msh6 makes numerous contacts 
with the phosphate backbone (Lamers et al., 2000; Obmolova et al., 2000; Warren et al., 2007).  
To estimate the thermal barrier to Msh2-Msh6 diffusion we assumed that the complex underwent 
a step size of 1 base pair (although the calculated values are not dependent upon this assumption; 
Blainey et al., 2006) and rotated as it moved on the DNA (see Supplemental Information). The 
random walk stepping rate (klim) for a sphere with a radius of 12.9 nm is ~4.2x105 steps per 
second. From these values we calculated the mean activation barrier 
€ 
〈ΔG‡ 〉  required for the 
protein to move from one position to the next using the observed stepping frequencies (kobs), 
which were determined from the distribution of diffusion coefficients (Figure 2-S6). These 
calculations yielded an estimated activation energy of 1.57 ± 1.1 kBT required for Msh2-Msh6 to 
slide from one position to the next as it traveled along the DNA (Berg, 1993; Blainey et al., 
2006). Importantly, since the estimated thermal barrier is not dependent upon the stepping rate, 
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but rather the ratio of the stepping rates, the values are independent of the chosen step size as this 
parameter effects both klim and kobs equivalently, and is therefore factored out of the calculation 
(Supplemental Information; Blainey et al., 2006). Similar calculations made with the assumption 
that the protein did not rotate yielded a barrier of 8.3 ± 1.3 kBT. Theoretical predictions suggest 
that the mean energetic barrier for efficient 1D-diffusion can not exceed ≈2 kBT (Blainey et al., 
2006; Slutsky and Mirny, 2004). Therefore the observed diffusion coefficients are consistent 
with a model in which the protein rotates as it travels along the DNA and maintains constant 
register with the phosphate backbone. However, because our current experiments do not allow us 
to visualize the rotation itself we can not completely rule out other alternative explanations for 
the observed diffusion coefficients. To verify or refute the rotation-coupled diffusion model we 
are designing experiments that will enable us to directly visualize the orientation of the proteins 
relative to the DNA. 
The net displacements Msh2-Msh6 relative to the starting positions were distributed 
symmetrically around the origin consistent with a random walk (Figure 2-4C). Msh2-Msh6 
traveled over an average range of 1.20 µm (3.2 kb) during a 120-second period (Figure 2-4D). 
The average apparent cumulative distance scanned by Msh2-Msh6 over the 2-minutes was 34.3 
µm (101 kb; Figure 2-4E). This is the lower bound of the actual number of bases scanned by the 
protein because there are likely steps occurring below our current resolution limits. The apparent 
velocity of the diffusing complexes was calculated from the apparent cumulative distance 
traversed during the observation divided by the total time and yielded an average of 0.28 µm/sec 
(820 bp/sec; Figure 2-4F). These observations confirmed that the movement of Msh2-Msh6 was 
consistent with the physical predictions for 1D-diffusion, and illustrated that thermal energy was 




Msh2-Msh6 complexes appears to be topologically linked to DNA  
Our results suggested that Msh2-Msh6 could slide while maintaining constant contact 
with the DNA and argued against a hopping mechanism. Hopping by definition means that the 
protein is entirely released from DNA, diffuses a short distance through space, and then rebinds 
the DNA at a nearby location (Berg et al., 1981; Halford and Marko, 2004). Hopping and sliding 
can be distinguished from one another by analyzing how the lifetimes and diffusion coefficients 
of the protein complexes vary at different concentrations of salt (Blainey et al., 2006). To verify 
that Msh2-Msh6 maintained continuous contact with the DNA we determined the diffusion 
coefficients and lifetimes of the bound complexes at varying concentrations of NaCl. The 
lifetimes of the bound Msh2-Msh6 decreased at increasing concentrations of salt, but there were 
no significant changes in the mean diffusion coefficients (Figure 2-S3). These observations were 
consistent with a model in which Msh2-Msh6 slid along DNA while maintaining constant 
contact with the phosphate backbone and argued against hopping as a potential mode of travel 
along the DNA (Blainey et al., 2006).  
We also reasoned that if Msh2-Msh6 was capable of hops comparable in magnitude to 
the dimensions of its DNA-binding domains (i.e. a few nanometers), then two proteins traveling 
along the same DNA would be able to hop past one another. In contrast, if the proteins remained 
in contact with the duplex at all times then they would be unable to bypass one another due to 
steric hindrance. To provide further evidence against hopping we labeled Msh2-Msh6 with 
differently colored QDs, either λem = 565 nm and λem = 705 nm, represented as green and 
magenta, respectively (Figure 2-5A). QDs and then mixed the different colored proteins together 
and visualized their behavior on a single DNA substrate. An example of these results is presented 
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as a two-color kymogram illustrating the movement of several different proteins traveling along 
the same DNA molecule over a 10-minute period (Figure 2-5B). Similar results were obtained if 
the different QDs were pre-mixed and then conjugated to Msh2-Msh6. Even though the proteins 
moved along the DNA, and often collided with one another, the relative order of the different 
QD signals did not change over time. These experiments demonstrated that the proteins could 
not bypass one another and were unlikely to experience large hops as they traveled on the DNA.  
To further verify that that the protein was not hopping we performed challenge 
experiments in which a competitor oligonucleotide (100 nM or 1 µM, either with or without a 
mismatch; corresponding to ~20,000-fold or ~200,000-fold molar excess [in base pairs] relative 
to the amount of λ-DNA tethered to the surface) was injected to the sample chamber either along 
with Msh2-Msh6 or after pre-binding Msh2-Msh6 to the λ-DNA (data not shown). If Msh2-
Msh6 was pre-mixed with the competitor oligonucleotide then we detected no binding to the 
tethered λ-DNA. In contrast, if Msh2-Msh6 was pre-bound to the λ-DNA then the subsequent 
addition of the competitor oligonucleotide did not cause it to dissociate from the λ-DNA. Taken 
together our data are consistent with a sliding mechanism in which the proteins remain very 
closely associated with the DNA, however we can not completely rule out the possibility that 
hops occur on an extremely short time and/or length scale undetectable by our assays.  
 
ADP/ATP exchange promotes the sliding and release of Msh2-Msh6 
We have developed a method for assembling “DNA curtains” at defined positions on the 
bilayer-coated surface of a sample chamber (Supplemental Procedures; Graneli et al., 2006b). 
The DNA molecules that make up the curtain are tethered by a single end, and hydrodynamic 
force is required to maintain the molecules in an extended configuration confined within the 
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evanescent field. As a consequence, any diffusing proteins are driven in the direction of the flow 
force and either fall off the ends of the DNA molecules or become trapped behind an immobile 
protein (Graneli et al., 2006b; see below). Therefore, this assay is uniquely adapted for studying 
the immobile population of Msh2-Msh6.  
To visualize Msh2-Msh6, labeled protein was injected into the sample chamber along 
with ADP and incubated for several minutes with the λ-DNA curtain, which was sufficient to 
allow many of the proteins to enter the immobile state. The sample chamber was rinsed to 
remove unbound Msh2-Msh6 and the remaining proteins were then observed by TIRFM (Figure 
2-6). Buffer flow was paused (Flow ON/OFF control; Figure 2-6) to verify that the proteins were 
bound to the DNA and not simply stuck to the flowcell surface. This procedure caused the DNA 
molecules to transiently drift out of the evanescent field, but any proteins nonspecifically stuck 
to the surface remained within view and could be discounted from further analysis. The videos 
were analyzed to determine the number of proteins on DNA molecules, and 274 complexes were 
identified in this example (Figure 2-S7A). This represents the minimum number of bound Msh2-
Msh6 molecules because the force exerted by the buffer would have pushed any diffusing 
proteins into the immobile proteins, therefore each spot can be comprised of multiple Msh2-
Msh6 complexes.  
We next tested the effects of replacing ADP with ATP on the immobile Msh2-Msh6 to 
see whether the change in nucleotide could stimulate release of the proteins. When the ADP was 
flushed from the sample chamber and rapidly replaced with ATP (or ATPγS; Figure 2-S7B and 
C), most of the proteins (up to ~90%) quickly dissociated from the DNA (t1/2=10.2±1.16 
seconds; Figure 2-6, Figure 2-S7A). The observed dissociation kinetics were virtually identical 
to values reported in bulk studies (Mendillo et al., 2005). Visual inspection of the data suggested 
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that the dissociation occurred through two mechanisms: either (1) dissociation after sliding (1D-
diffusion biased in the direction of buffer flow) along the DNA (46.5%; Figure 2-6C, Figure 2-
S7) or (2) direct dissociation from the DNA without apparent sliding (35.5%). However, it is 
possible that proteins which appeared to dissociate directly from the DNA actually slid for a 
short distance below our resolution limits (~300 bps with this assay). This hypothesis is 
supported by the fact that the dissociation curves for the entire population of proteins could be fit 
to a single exponential decay, suggesting that there were not two kinetically distinct populations 
(Figure 2-S7A). The proteins traveled an average distance of ~10,000 base pairs prior to 
dissociating from the DNA molecules (Figure 2-7C). Of the 237 Msh2-Msh6 complexes that 
clearly slid along the DNA after ADP/ATP exchange, 88 dissociated from the ends of the DNA 
whereas 149 dissociated from internal positions prior to reaching the DNA ends. An additional 
42 complexes slid along the DNA, but did not dissociate and 50 remained stationary throughout 
the experiment (Figure 2-6C). These observations demonstrated that the fluorescently labeled 
proteins were biologically viable and were not irreversibly trapped on the DNA or stuck to the 
sample chamber surface.  
 
DISCUSSION 
Mechanistic basis of Msh2-Msh6 movement along DNA 
Our results show that Msh2-Msh6 travels freely along the helical axis of undamaged 
DNA. Several points argue that Msh2-Msh6 moves via 1D-diffusion, and suggest that this 
mechanism is an intrinsic property of the protein. First, the movement did not require ATP nor 
did it require prior binding to a mispaired base. Second, the movement was consistent with 
physical predictions for diffusion in that it was unbiased, highly redundant, and the MSD plots 
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varied linearly with time interval. Third, our experiments rule out alternative scanning 
mechanisms: we saw no evidence for active translocation; the only random collisions were those 
necessary for the initial association; intersegmental transfer was unlikely because the DNA was 
maintained in a physically extended configuration, which would prevent the juxtaposition of two 
distal sites; and hopping is inconsistent with the finding that the diffusion coefficients were 
insensitive to salt concentration, different proteins bound to the same DNA were unable to 
bypass one another, and they were resistant to challenge with excess competitor oligonucleotide. 
Finally, we have also observed 1D-diffusion for E. coli MutS and S. cerevisiae Msh2-Msh3 
(Figure 2-S8), suggesting that lateral motion along DNA is a trait shared among the different 
members of the MutS-family.  
We propose a model in which variations in the energy landscape allow Msh2-Msh6 to 
probe for both lesions and strand discrimination signals (possibly nicks; reviewed in Jiricny, 
2006) as it slides along the DNA (Figure 2-7). A key feature of this model is that initial binding 
of Msh2-Msh6 yields a stable complex and subsequent events are dominated by lateral 
movement of the protein along the helix rather than reiterative dissociation and re-binding. This 
conclusion is consistent with the structures of MutS and Msh2-Msh6, which show that the DNA 
binding domains completely encircle the bound DNA substrate (Lamers et al., 2000; Obmolova, 
et al., 2000; Warren et al., 2007). Moreover, the DNA binding and clamp domains of MutS 
(comprising 36% of the protein) are disordered in structures lacking DNA, and only become 
ordered in the presence of bound substrate, indicating that the initial binding reaction is coupled 
to extensive local folding (Figure 2-1C; Spolar and Record, 1994; Lamers et al., 2000; 
Obmolova, et al., 2000). Electron micrographs of human Msh2-Msh6 also revealed that the 
clamp domains are splayed open in the absence of substrate (Gradia et al., 1999). It is reasonable 
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to conclude that the DNA binding and clamp domains would have to at least partially unfold to 
allow dissociation, and this requirement for a large scale structural reorganization may account 
for the long time periods that Msh2-Msh6 is able to slide on DNA.  
Importantly, theoretical predictions suggest that diffusion becomes very limited when the 
roughness of the energy landscape exceeds a threshold of ≈2kBT (Slutsky and Mirny, 2004), 
suggesting that the pauses observed in the diffusion trajectories correspond to local minima or 
deep traps in the landscape that interact favorably with Msh2-Msh6. Previous models for lesion 
recognition by MutS proteins have invoked the relative ease with which a mismatch can be 
kinked as a primary determinant enabling lesion recognition (Wang et al., 2003; Yang, 2006). 
We envision that intrinsically bent DNA (e.g. poly-dA tracts) and/or more flexible sequences or 
structures (e.g. mismatches or strand nicks) may serve as deep traps along the energy landscape 
(Figure 2-7), and these traps trigger conformational changes in Msh2-Msh6 causing it to 
reversibly enter an immobile state.  
 The precise details of the energy barrier calculations are dependent upon our assumption 
that the majority of the observed diffusing entities were comprised of a single QD bound by one 
complex of Msh2-Msh6. Several points agree that this is the case. First, Msh2-Msh6 is well 
behaved in solution and gel filtration studies of our protein stocks reveal a single peak of the 
appropriate molecular mass and these stocks are diluted ~1000-fold prior to use. Second, the 
QDs are well behaved in solution, they show a single peak of the expected size by gel filtration, 
and prior to use they are purified by gel filtration. Third, the hydrodynamic properties of the 
complexes are consistent with expectations for approximately one protein complex per QD. If 
Msh2-Msh6 formed large aggregates we would expect to see a greater change in the apparent 
molecular mass. Fourth, Msh2-Msh6 aggregates would contain numerous HA tags and would 
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therefore bind multiple QDs. To verify that this was not the case we show that the quantum dots 
blink, indicating only one QD per protein complex. Finally, when labeled with a mixture of 
different colored QDs the majority of complexes are a single color. If the protein aggregated than 
these complexes would show two colocalized signals because they would be labeled with both 
colored QDs. Taken together, our data suggest that the complexes we observed siding along the 
DNA are comprised of one QD conjugated to one molecule of Msh2-Msh6. Nevertheless, we can 
not entirely rule out the possibility that some of the QDs may be coupled to more than one 
molecule of Msh2-Msh6. However, the possible presence of more than one protein per QD in no 
way alters overall conclusion that Msh2-Msh6 can travel along the DNA via a mechanism 
involving 1D-sliding. 
 
Biological implications of Msh2-Msh6 1D-diffusion  
Msh2-Msh6 completely encircles DNA, and therefore its interactions with nonspecific 
sequences are dominated by lateral movement rather than reiterative binding and dissociation 
events. This has important consequences for both the regulation of Msh2-Msh6 and the nature of 
the in vivo search mechanism. For example, in the absence of a 3D component, the time required 
to complete the search of a DNA of length N can be approximated as TD1≈N2/D1, where D1 is the 
diffusion coefficient (Gerland et al., 2002). For S. cerevisiae, where N=2.4x107bp (8,160 µm), 
D1,calc=0.25 µm2/sec (estimated upper limit for Msh2-Msh6 without the QD), and assuming there 
are on the order of 1,000 molecules of Msh2 per cell (i.e. one molecule of Msh2-Msh6 for every 
19,512 base pairs or 6.63 µm of DNA; Ghaemmaghami et al., 2003), the total time required 
to scan the entire genome by a purely 1D-diffusion mechanism would be just 2.9 minutes.  
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Sliding alone can not be the only mechanism involved in scanning DNA because of the 
difficulty posed by the crowded environment inside of a living cell (Kampmann, 2005). This can 
be rationalized by considering that sliding in vivo will be physically impeded by the presence of 
other DNA-bound proteins, such as nucleosomes, and if the diffusing protein is unable to bypass 
these obstacles it will inevitably become trapped in a futile search between two stationary 
roadblocks. However, this problem could be overcome if Msh2-Msh6 was pulled along by a 
motor protein capable of stripping stationary obstacles (e.g. nucleosomes) from DNA. For 
example, the replication machinery removes nucleosomes from DNA as the genome is being 
duplicated, and there are ~260 bp of naked DNA behind the progressing fork (Gasser et al., 
1996). Interestingly, Msh2-Msh6 binds to PCNA in vitro (reviewed in Kunkel and Erie, 2005; 
Jiricny, 2006; and Modrich, 2006), human Msh2-Msh6 colocalizes with DNA replication 
factories in vivo during S phase (Kleczkowska et al., 2001), and B. subtilis some MutS-GFP also 
colocalizes with DNA replication foci in vivo (Smith et al., 2001). Association with the 
replisome could facilitate Msh2-Msh6 lesion scanning by eliminating any obstacles that might 
block its path. This also positions Msh2-Msh6 in the ideal location to trail behind the fork and 
efficiently scan all of the newly replicated DNA as it exits the rear of the polymerase, ensuring 
that repair could be initiated before loss of the transient signals that allow the protein to 
distinguish parental and daughter strands (Smith et a., 2001, Kunkel and Erie, 2005; Umar et al., 
1996; Kleczkowska et al., 2001). 
 
Implications of nucleotide exchange-driven sliding and release of Msh2-Msh6  
 When the reactions were staged with initial binding in the presence of ADP followed by a 
switch to ATP (or ATPγS) the proteins dissociated through a mechanism involving sliding along 
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the phosphate backbone followed by either dissociation from an internal location or from the 
DNA ends. These findings are consistent with previous reports of Msh2-Msh6 release from 
mismatched DNA (Gradia et al., 1999; Mendillo et al., 2005; Jiang et al., 2005; Blackwell et al., 
2001). Although the mechanistic basis for the ADP/ATP exchange-dependent behavior remains 
unknown, we speculate that the staged delivery of the different nucleotides promotes a rapid and 
simultaneous conversion of both the Msh2 and Msh6 subunits to the ATP bound state, enabling 
the immobile complexes to begin moving along the DNA before dissociation (Mazur et al., 
2006). We emphasize that our experiments were done with λ-DNA that did not contain any 
mispaired bases, and it is possible that the proteins could behave differently when bound to 
mismatched substrates or when other MMR proteins are present. Nevertheless the fact that the 
immobile Msh2-Msh6 rapidly resumed sliding and was eventually released from the DNA after 
the switch from ADP to ATP demonstrated that these proteins displayed normal biochemical 
properties and suggested that the immobile population had encountered deep traps in the energy 
landscape that mimicked damaged DNA. This also indicated that a nucleotide exchange-driven 
conformational change in the protein allowed it to escape these deep traps and supports the idea 
that nucleotide exchange destabilizes the “clamp-like” binding mechanism perhaps by eliciting a 
further conformational change that eventually releases Msh2-Msh6 from the DNA.  
In summary, this work directly demonstrates that Msh2-Msh6 can slide on DNA without 
the need for ATP hydrolysis or mismatch binding. Our results imply that the overall mechanism 
of mismatch recognition and initiation of repair occurs via Msh2-Msh6 first sliding along DNA 
(possibly in association with DNA replication factories, as described above) until a lesion is 
located. Msh2-Msh6 would then stop sliding and remain tightly bound to the DNA upon 
encountering the lesion as it exited from the rear of the replication fork (i.e. a deep trap along the 
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energy landscape). We speculate that the dwell-time at the lesion may allow Msh2-Msh6 to 
recruit additional MMR proteins required to complete repair. Finally, Msh2-Msh6 would 
undergo a conformational change driven by the exchange of ADP for ATP, allowing it to 
continue diffusing along the DNA while searching for strand discrimination signals, presumably 
in an altered conformation competent to complete downstream steps in the repair path. 
Additional TIRFM experiments with damaged DNA substrates and other MMR factors will be 
required to probe further details of these post-recognition steps. 
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Figure 2-1. Experimental design. (A) Biotinylated λ-DNA (48,502 bp) was tethered by both 
ends to solid anchor points on a microfluidic sample chamber surface otherwise coated with a 
lipid bilayer. Msh2-Msh6 was labeled with QDs and injected into the sample chamber. (B) 
Shows images of a YOYO1 stained DNA (green) bound by Msh2-Msh6 (magenta). When the 
DNA is broken, both it and the bound proteins diffuse away from the sample chamber surface. 
Off-axis signals correspond to proteins that were not bound to the DNA. (C) Atomic structure 
illustrating the clamp-like appearance of T. aquaticus MutS in the presence and absence of DNA 
(Obmolova et al., 2000).  
 
Figure 2-2. Visualizing movement of Msh2-Msh6 on DNA. Panels (A-F) show kymograms 
spanning 120-second intervals highlighting the movement Msh2-Msh6. These examples come 
from experiments performed in the presence of 1mM ADP. Kymograms were generated by 
excising the area that encompassed a single DNA, and plotting the resulting images as a function 
of time. Time (seconds) is indicated at the top of the panels, and distance (µm) is indicated at the 
right of each panel. The long-axis of the DNA is vertically oriented in each picture and the 
starting positions of the protein complexes (magenta) bound to the DNA (green dashed line) are 
depicted at the left-hand side of each panel. Immobile complexes are also shown to serve as 
stationary reference points. Time-dependent variations in signal intensity are due to the 
photophysical characteristics of the QDs (see Figure 3).  
 
Figure 2-3. Msh2-Msh6 moves on DNA via one-dimensional diffusion. (A) Shows a 
kymogram illustrating the movement of a single quantum dot tagged Msh2-Msh6 complex over 
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a 140-second duration. Time (seconds) and relative distance (µm) are indicated at the bottom and 
right, respectively. The inset shows the rapid blinking of the QD over a 5.9 second period; signal 
intensity is in arbitrary units (A.U.).  Panel (B) shows the same kymogram with data generated 
from the tracking algorithm superimposed on the image of the moving complex. Panels (C) and 
(D) show details of the tracking and the resulting plot of MSD versus time interval, respectively. 
The displacement from the origin is indicated in µm (left vertical axis) and the total range 
spanned is indicated in bp (right vertical axis). The diffusion coefficient for this protein complex 
was calculated from the slope (dashed line) of the MSD plot.  
 
Figure 2-4. General characteristics of Msh2-Msh6 diffusion. The graph in (A) shows 
representative MSD plots for four different Msh2-Msh6 complexes. (B) A histogram of the 
diffusion coefficients calculated from the tracked proteins. This panel presents the cumulative 
information derived from 125 tracked complexes of Msh2-Msh6 in buffer containing 50 mM 
NaCl and either 1 mM ADP (N=97; shown in red) or 1 mM ATP (N=28; shown in blue). (C) 
Shows a plot of the net displacement of Msh2-Msh6 from the origin after a 120-second period. 
(D) Shows the range spanned by Msh2-Msh6 as it travels back and forth along the DNA over a 
120-second period. (E) A histogram of the cumulative distance traversed by Msh2-Msh6 in 120-
seconds and (F) is a histogram showing the average apparent velocities of the proteins calculated 
from the cumulative distance traveled divided by total time. The means and standard 
deviations for all plots were determined from Gaussian fits to the binned data.  
 
Figure 2-5. Molecular collisions between Msh2-Msh6 complexes bound to the same 
molecule of DNA. (A) Shows an overview of the experimental design. Here Msh2-Msh6 was 
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labeled with either magenta (λem=705 nm) or green (λem=565 nm) QDs, mixed together and then 
injected into the same sample chamber. (B) Shows a kymogram illustrating the red and green 
Msh2-Msh6 complexes diffusing along the same molecule of DNA over a 10-minute period. 
Time (seconds) is indicated at the top of each panel and distance is indicated at the right. 
Apparent collision events are evident as magenta and green complexes approach one another and 
become white. 
 
Figure 2-6. ATP causes the immobile population of Msh2-Msh6 to begin diffusing and then 
dissociate from DNA. (A) Shows the assay used to probe the effects of ATP on the immobile 
population of Msh2-Msh6. The proteins are red and the DNA is green. The DNA is tethered to 
the surface by only one end (“T”) and the free end (“F”) is only observed when flow is applied. 
Flow is from top to bottom in each panel and the distance between T and F is ~13 µm. The 
panels were extracted from a video and the time stamps correspond to the specified frames. The 
upper panel shows the field after transiently pausing buffer flow (Flow ON/OFF control) and the 
cartoon at the left depicts the behavior of the molecules the absence of flow. The middle panel 
shows the same field after resuming flow. Each magenta spot in the image corresponds to at least 
one Msh2-Msh6 complex, and there are 274 identifiable magenta spots in this experiment and 
124 DNA molecules. The lower panel shows the same DNA molecules after the injection of 2 
mM ATP. (B) Shows a kymogram showing one DNA molecule and the bound Msh2-Msh6. 
Arrowheads highlight the dissociation of Msh2-Msh6 (Figures S7 and S8). (C) Summarizes the 
behavior of Msh2-Msh6 after the injection of ATP into the sample chamber. “Distance traveled 
before dissociation” corresponds to the distance that Msh2-Msh6 moved prior to falling off the 
DNA. Dissociation events that occurred from internal positions on the DNA are colored red 
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(N=149) and those that occurred at the end of the DNA molecules are colored blue (N=88). The 
values presented here were obtained from three different experiments.  
 
Figure 2-7. Model for DNA scanning by Msh2-Msh6. We present a biophysical model 
depicting the proposed interactions between Msh2-Msh6 (magenta) and DNA substrates (cyan). 
Below the DNA is a hypothetical energy landscape describing its bending propensity 
(Vlahovicek et al., 2003), and we speculate that minima in the landscape correlate with regions 
that are either intrinsically bent or highly flexible. Positions corresponding to deep depressions in 
the landscape (e.g. lesions or nicks) will interact favorably with the diffusing protein and the 
depth of the energy minima will dictate how long the protein remains at any given site. Proteins 
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Comparison of TIRFM with other studies 
Our single-molecule TIRFM assays differ from most previous studies in several critical 
aspects and it is these differences that have allowed us to visualize the dynamics of Msh2-Msh6 
as it travels along DNA. Most ensemble level studies (gel shifts, nitrocellulose binding, or IAsys 
biosensors) have relied on either oligonucleotide substrates or short PCR fragments to probe the 
DNA binding activity of Msh2-Msh6 or other MutS-family members (e.g. Mendillo et al., 2005). 
These short DNA substrates are much smaller than what the proteins would be expected to 
encounter in vivo and based on our data Msh2-Msh6 would likely traverse the entire contour 
length of these DNA molecules in a fraction of a second. Therefore any contribution of one-
dimensional sliding to the binding reactions may have been overlooked. These assays would in 
effect artificially restrict the binding mechanism to a purely 3D collision mode because the 
lengths of the DNA molecules would be comparable to the size of the protein. In addition, some 
previous experiments with larger DNA substrates were performed in the presence of a large 
molar excess of nonspecific competitor oligonucleotides (Gradia et al., 1999), which may have 
masked the effects of 1D-sliding along nonspecific sequences.  
Several previous studies of the dissociation kinetics of MutS or Msh2-Msh6 have 
reported that the proteins are rapidly released from DNA, which is inconsistent with our 
observation that Msh2-Msh6 can spend considerable amounts of time scanning DNA molecules 
without dissociating and that significant dissociation is only seen when ADP is flushed from the 
sample chamber and replaced with ATP. The most reasonable explanation for this apparent 
discrepancy is that the previously reported dissociation rates measured with oligonucleotide 
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substrates may not be reporting dissociation of Msh2-Msh6 or MutS from an internal location on 
the DNA substrate (Blackwell et al., 2001; Jacobs-Palmer and Hingorani, 2006). Rather it seems 
likely that the observed values may represent dissociation of the proteins from the ends of the 
DNA molecules. This conclusion is supported by the rapid movement of Msh2-Msh6 along 
DNA (this study) and the very short substrates (typically less than 100 base pairs) used in most 
prior studies. DNA ends are rare in vivo and our tethering strategy with long DNA substrates also 
prevents interactions with DNA ends. A drawback of short DNA substrates is that any protein 
capable of traveling laterally along the DNA would rapidly encounter the end of the DNA 
molecules. In contrast, rapid, end-dependent dissociation would not be observed in our 
experiments simply because the λ-DNA molecules are much longer than oligonucleotides used 
in most prior studies.  
 Previous reports have indicated that MutS and Msh2-Msh6 bind preferentially to DNA 
ends, and this end-binding activity has been attributed as a source of the notable discrepancy 
between the relatively weak specificity that MutS-family members have for mispaired 
oligonucleotides in vitro (Mendillo et al., 2005; Yang et al., 2005) compared to their extremely 
high efficiency at locating and repairing lesions in vivo. However, as indicated above, TIRFM 
experiments performed with DNA molecules tethered by only a single end revealed no evidence 
of an end-binding preference for Msh2-Msh6, and when the diffusing proteins are pushed along 
the DNA by an applied hydrodynamic force they simply fall off the ends of the molecules 
(Figure 2-7). 
Tapping mode atomic force microscopy has been used to probe the structures and 
locations of MutS bound to longer DNA fragments derived from plasmid substrates (Wang et al., 
2003; Yang et al., 2005). These experiments have revealed many properties of the protein-DNA 
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complexes, and the long DNA substrates used would more closely mimic the in vivo scenario 
than oligonucleotides. It is interesting to note that these AFM studies have demonstrated at least 
two different conformational states of MutS in which the DNA is either unbent or bent (Wang et 
al., 2003). Only the bent species was detected on homoduplex DNA (i.e. a nonspecific complex), 
whereas a mixture of bent and unbent conformations was seen bound to mispaired bases (i.e. the 
specific complex) (Wang et al., 2003). The AFM experiments also revealed that the nonspecific 
complexes displayed a broad distribution of bend angles (Wang et al., 2003). For example, Taq 
MutS bound to nonspecific DNA displayed a mean bend angle of 58˚ with a standard deviation 
of ±40˚ (Wang et al., 2003). This is strong evidence that the protein-DNA complex is highly 
dynamic when bound to either nonspecific sequences or mispaired DNA (Wang et al., 2003). 
These data would suggest that the Msh2-Msh6 complexes observed diffusing in our TIRFM 
assays may have traveled along the DNA while propagating a bend in the DNA helix. An 
alternative possibility is that that the proteins observed by AFM may have been trapped in the 
paused state, which our data suggests is favored by ~3:1 over the mobile state. Thus, the protein 
may travel along the DNA without distorting the helix, and the transient pauses may reflect 
periods where the protein stopped and bent the helix to sample for a lesion. Further studies will 
be required to test each of these possibilities. Despite the wealth of structural information that 
can be obtained from static complexes, AFM studies have a significant drawback in that the 
biomolecules under investigation are nonspecifically adsorbed onto a mica surface, and often 
dehydrated. This prevents any investigation of protein dynamics and would not allow for the 
reliable detection or quantification of lateral movement of the proteins along the DNA. 
Accordingly, the potential for one-dimensional movement was not accounted for in any kinetic 
schemes presented for DNA binding by MutS (Wang et al., 2003; Yang et al., 2005). Although 
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TIRFM lacks the spatial resolution of AFM, our approach does provide the ability to study 
dynamic behavior under solution conditions. 
  Finally, it is important to note that the low thermal energy barriers associated with free 
one-dimensional diffusion (≤2kBT) preclude the analysis by single-molecule methods that impart 
significant opposing forces on the molecules under observation (such as optical or magnetic 
tweezers or atomic force microscopy). While these methods are excellent for providing high-
resolution information about tightly bound protein-DNA complexes (Jiang et al., 2005) or 
molecular motors (Dumont et al, 2006; Herbert et al., 2006), they will not work when applied to 
proteins that can readily diffuse along the duplex. For example, a recent study using an optical 
tweezer-based DNA-unzipping assay could not detect Msh2-Msh6 bound to homoduplex DNA 
unless the proteins were trapped behind a stationary lac repressor (Jiang et al., 2005). It is 
possible that any diffusing proteins bound to nonspecific regions of the DNA would not have 
been detected by this assay because they would have been able to slide freely along ahead of the 
forked junction produced as the strands were mechanically unwound. Therefore, one important 
advantage of our TIRFM assay is that it is uniquely adapted for directly visualizing proteins and 
their movements in the absence of any perturbing outside forces. 
 
Supplemental Experimental Procedures 
TIRFM, DNA substrates, flowcells, and lipid bilayers  
The custom-built microscope used in this study has been previously described (Graneli et 
al., 2006b). In brief, the system is built around a Nikon TE2000U inverted microscope with a 
custom-made illumination system and a back-illuminated EMCCD detector (Photometrics, 
Cascade 512B). For this study, a 488 nm, 200 mW diode-pumped solid-state laser (Coherent, 
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Sapphire-CDHR) was used as the excitation source. The laser was attenuated with an appropriate 
neutral density filter, passed through a spatial filter/beam expander, collimated, and focused 
through a fused silica prism onto the surface of a microfluidic sample chamber. The laser 
intensity at the face of the prism was typically ≥5 mW.  
The DNA substrates were made by a two-step ligation procedure using biotinylated 
oligonucleotides that were complementary to the 12-nucleotide single-stranded overhangs 
present at either end of the λ-DNA, as previously described (Graneli et al., 2006a). Flowcells 
were constructed from fused silica slides, glass coverslips, and double-sided tape (Graneli et al., 
2006a). A dilute solution of neutravidin (4 nM) was injected into the sample chamber, incubated 
briefly, and then rinsed with wash buffer [10 mM Tris-HCl (pH 8.0) plus 100 mM NaCl]. Lipid 
vesicles [DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) plus 8-10% mPEG 550-PE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-550])] were 
injected into the flowcell, incubated for at least 30 minutes to allow bilayer formation, and then 
excess lipids were removed by rinsing with wash buffer. The flowcell was then rinsed with 
buffer A (40 mM Tris-HCl (pH 7.8), 1 mM DTT, 1 mM MgCl2 plus 0.2 mg/ml BSA. The λ-
DNA (~10 pM) was injected into the sample chamber and allowed to bind, as previously 
described (Graneli et al., 2006b). This procedure yielded an average of 1 DNA molecule per 
3,200 µm2, which is equivalent to approximately 2 molecules of DNA per field of view at 100X 
magnification. At this density we calculate a probability that two DNA molecules would overlap 
one another of P=0.002 (assuming a tethered DNA length of 13 µm and defining overlap as two 
molecules separated by a distance of ≤ 250 nm), which is also in agreement with our 




Labeled proteins and quantum dots 
HA-tagged Msh2-Msh6 was purified as previously described (Alani et al., 1995; Alani 
1996). MSH2HA-MSH6 was overexpressed as a complex from a protease-deficient strain of S. 
cerevisiae (BJ5464). MSH2-HA was expressed from pEAE20, with the HA epitope sequence 
inserted at the NcoI site. This places the HA epitope tag (YPYDVPDYA) between amino acids 
644 and 645 of Msh2, which is located at the beginning of Domain V (i.e. distal to the DNA-
binding domains), based on the MutS crystal structure (Oblomova et al, 2000; Lamers et al, 
2000). The HA tagged Msh2 fully complements an msh2Δ strain, indicating that the protein is 
functional in vivo (Alani et al., 1995). MSH6 was expressed from pEAE218. Both genes were 
under the control of the inducible GAL10 promoter. Cells carrying both plasmids (EAY887) 
were grown to log phase at 30°C in synthetic medium lacking tryptophan and leucine with 
lactate. Gene expression was then induced by the addition of galactose and continued growth at 
30°C for seven hours. The cells were pelleted and resuspended in a small volume of Buffer A 
(25 mM Tris-HCl (pH 7.5), 1 mM EDTA, 10 mM β-mercaptoethanol) with 0.3 M NaCl. The 
thick paste was frozen as drops in liquid nitrogen and stored at -80°C. 
 All purification steps were performed at 0-4°C. The frozen cells were ground up in the 
presence of dry ice. The ground cells were thawed on ice and resuspended in an equal volume of 
Buffer A containing 0.3 M NaCl and PMSF to a final concentration of 1 mM. The thawed lysate 
was cleared by centrifugation and the supernatant was loaded onto a PBE94 (Amersham-
Pharmacia) column, equilibrated in Buffer A containing 0.3 M NaCl. The column was washed 
with Buffer A containing 0.3 M NaCl, then eluted with a linear gradient of 0.3 M to 1.0 M NaCl. 
Peak fractions of MSH2HA-MSH6 eluted at about 450 mM NaCl.  These fractions were pooled 
and diluted with Buffer A to obtain a salt concentration of 150 mM NaCl. This dilute pool was 
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loaded onto an ssDNA (Sigma-Aldrich) column equilibrated in Buffer A containing 0.2 M NaCl. 
The column was washed with Buffer A containing 0.2 M NaCl, then eluted with Buffer A 
containing 0.5 M NaCl. The fractions were pooled and diluted with Buffer A to achieve a salt 
concentration of 0.25 M NaCl. The dilute pool was loaded onto a small PBE94 column, 
equilibrated in Buffer A containing 0.3 M NaCl, to concentrate the protein. The column was 
washed with Buffer A containing 0.3 M NaCl and then eluted with Buffer A containing 0.5 M 
NaCl. The pooled fractions were concentrated with Centricon YM-50 columns, aliquoted into 
small volumes, flash frozen and stored at -80°C. Protein concentrations were determined by 
Bradford assay, using BSA (Sigma-Aldrich) as a standard. 
Quantum dots (Invitrogen) coated with short-chain polyethylene glycol with exposed free 
amines were labeled with affinity purified, reduced anti-HA antibodies (Immunology 
Consultants Laboratory, Inc.) using SMCC (succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-
carboxylate). The resulting conjugates were then purified over a Superdex 200 10/300 GL gel 
filtration column (GE Healthcare), which yielded a monodisperse peak, and were stored in PBS 
(pH 7.4) plus 0.1 mg/ml acetylated BSA at 4˚C. According to the manufacturer this procedure 
yields 1-3 antibodies per quantum dot, therefore it is possible that some of the quantum dots 
could have multiple molecules of Msh2-Msh6. This potential variability could contribute to the 
broad distribution of diffusion coefficients but will not otherwise influence any of our major 
conclusions. In addition, it is also possible that there may be “dark” proteins that are not coupled 
to quantum dots or quantum dots that are not fluorescent. But again, the presence of dark 





DNA curtains were constructed essentially as described (Graneli et al., 2006a). All lipids 
were purchased from Avanti Polar Lipids and liposomes were prepared as previously described 
(Graneli et al., 2006a). In brief, a mixture of DOPC (1,2-dioleoyl-sn-glycero-phosphocholine), 
0.5% biotinylated-DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)), 
and 8-10% mPEG 550-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-550]). Liposomes were applied to the sample chamber for 1 hour. 
Excess liposomes were flushed away with buffer containing 10 mM Tris-HCl (pH 7.8) and 100 
mM NaCl. The flowcell was then rinsed with buffer A (40 mM Tris-HCl (pH 7.8), 1 mM DTT, 1 
mM MgCl2 plus 0.2 mg/ml BSA. Neutravidin (330 nM) in buffer A was then injected into the 
sample chamber and incubated for 30 minutes. After rinsing thoroughly with additional buffer A, 
biotinylated λ-DNA (10 pM) pre-stained with 1-2 nM YOYO1 was injected into the sample 
chamber, incubated for 30 minutes, and unbound DNA was removed by flushing with buffer. 
Application of buffer flow caused the lipid-tethered DNA molecules to align along the leading 
edges of the diffusion barriers. 
 
ATP hydrolysis and DNA binding Assays 
  ATPase reactions contained 0.5 µM α32P-ATP, 80 µM ATP, 20 mM Tris (pH 7.6), 100 
mM NaCl, 2 mM MgCl2, 50 ng/µl BSA, 1 mM DTT, and 200 nM of a +1 heteroduplex 
oligonucleotide (see below). For the protein titrations, reactions were incubated for 30 minutes 
with the indicated amount of Msh2-Msh6 (Figure 2-S1A). For the time courses, reactions 
contained 100 nM Msh2-Msh6 and were terminated after incubations for the indicated periods 
(Figure 2-S1B). All reactions were done either in the absence of quantum dots, or in the presence 
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of anti-HA tagged quantum dots at a 1:1 molar ratio with Msh2-Msh6. All reactions were 
performed in triplicate at room temperature and terminated with the addition of EDTA to a final 
concentration of 80 mM. Reaction products were resolved by thin layer chromatography on PEI-
cellulose run in 0.7 M KH2PO4, products were detected with a phosphorimager, and analysis was 
done with NIH ImageJ. 
 DNA gel shifts (Figure 2-S1C) were performed using the following heteroduplex 
oligonucleotide substrates containing a +1 dA insertion (as indicated): 
(1) 5’-CTGGACGGGTTAAGACCGAACGTGGCTCCAGAAACGGGTGCAACTGGG-3’ 
(2) 5’-CCCAGTTGCACCCGTTTCTGGAGCACACGTTCGGTCTTAACCCGTCCAG-3’ 
The oligonucleotide substrates were labeled at the 5’ termini with a fluorescein tag to facilitate 
signal quantitation. Binding reactions were assembled on ice and contained 0.1µg/µl BSA, 25 
mM Tris (pH 7.5), 0.1 mM DTT, 0.5 M MgCl2, and 1 µM Msh2-Msh6. Quantum dots (1 µM) 
were added to the indicated reactions (Figure 2-S1C) and incubated on ice for 15 minutes to 
allow conjugation. The binding reactions were then initiated with the addition of the 
oligonucleotide substrate (100 nM) and then incubated for 15 minutes at 30˚C. Each binding 
reaction was then divided into two tubes, and one of the tubes was challenged with the addition 
of ATP (2 mM). The incubations were continued for an addition 10 minutes, followed by the 
addition of 1 µl of 50% glycerol, and the reactions were then resolved on a 4% native PAGE run 
in 1X TBE. Each reaction was performed in triplicate and the amount of bound product was 




Experimental determination of the Msh2-Msh6-Qdot Stokes radius 
 Molecular weight standards (100 µl aliquots of each) with known Stokes radii were 
resolved on a Superose 6 10/30 GL (GE Healthcare) at a flow rate of 200 µl per minute. A 
standard curve was generated by plotting log(Radius) versus Ve/Vo (elution volume/void 
volume) (Figure 2-S3). The standard curve was then used to calculate the radii (a) of Msh2-
Msh6, the quantum dots, the antibody labeled quantum dots, and the Msh2-Msh6-quantum dot 
conjugates based on their corresponding elution volumes. Based on the observed radius of Msh2-
Msh6 (a = 6.34 nm) and the antibody labeled quantum dots (a = 12.6 nm) we predicted the 
hydrodynamic radius of the conjugated Msh2-Msh6 quantum dot complex (based on a 1:1 
quantum dot to Msh2-Msh6 ratio) from the combined volume of the two components using: 
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3 + aQdot3( ) 
From this it follows that: 
     
€ 
aMsh+Qdot = aMsh3 + aQdot33  
Leading to: 
    
€ 
aMsh+Qdot = 6.343 + 12.633 = 13.1nm 
 
From our gel filtration analysis we obtained a value of 12.9 nm for the Stokes radius of the 
Msh2-Msh6 quantum dot conjugates, which is in good agreement for the predicted size (a = 




Data collection and statistics 
Data collection was typically done by acquiring streams comprised of 2000-5,000 images 
collected at 5.0-7.7 Hz using a 100-millisecond integration time. All data were collected using 
Metamorph software (Universal Imaging) or NIS-Elements (Nikon). For experiments that 
required multi-color detection the different emission spectra were separated by a dichroic mirror 
(630 DCXR, Chroma Technologies) with a Dual-View image-splitting device (Optical Insights). 
Image alignment was done manually using immobilized fluorescent beads with emission spectra 
that was distributed between both channels. This set-up allowed us to simultaneously image the 
λem=705 nm and λem=565 nm signals on separate halves of the same CCD chip and these images 
were later pseudo-colored and digitally recombined.  
The broad distribution of diffusion coefficients prevented the histograms of these data 
sets from being accurately fitted to Gaussian functions. Therefore the arithmetic means, standard 
deviations, and median values for the diffusion coefficients were all calculated directly from the 
125 data points. All other histograms were fit to a Gaussian function using Igor Pro 
(Wavemetrics, Inc.) and the reported values for the means and standard deviations were 
determined directly from the Gaussian fits to the data.  
 
Single-particle tracking 
Particle tracking was done using an automated algorithm that fit the images (point-spread 
functions) of each diffusing Msh2-Msh6 complex to a 2D-Gaussian function in conjunction with 
a region-of-interest mask (Igor Pro, Wavemetrics, Inc.). Both the x-coordinates (i.e. 
perpendicular to the long axis of the DNA) and y-coordinates (i.e. parallel to the long axis of the 
DNA molecules) were recorded for each tracked particle. We have observed over a thousand 
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diffusing Msh2-Msh6 complexes on hundreds of molecules of DNA, however we restricted our 
tracking analysis to 125 proteins (approx. 10% of the total). These were selected for in-depth 
analysis specifically because they were well resolved from any neighboring fluorescent 
complexes on the DNA, which was essential for ensuring the accuracy of the particle-tracking 
algorithm. This analysis yielded a total of approximately 7.5 hours of tracking data (26,927 
seconds).  
The precision of the particle tracking algorithm was verified by tracking quantum dots 
that were immobilized at fixed positions on a sample chamber surface, yielding a standard 
deviation of ±16 nm in the y-direction and ±17 nm in the x-direction, consistent with previously 
reported resolution limits (Qian et al., 1991; Cheezum et al., 2001). The theoretical resolution of 












; N is the number of photons, a is the effective pixel size (160 nm), b is the standard deviation of 
the background signal and Si is the standard deviation of the 2D Gaussian (Yildiz, et al., 2061). 
For 12 representative tracked quantum dot labeled Msh2-Msh6 complexes the average value of 
N was ~155,000 photons (with a 200 millisecond integration time), b= ~650 photons, Si= ~165 
nm. This yields a resolution limit of 3.6 nm for our tracking data. We attribute the difference 
between the theoretical value and the meausured resolution limits to mechanical instability of the 
stage.   
The movement of each Msh2-Msh6 complex in the y-direction (i.e. parallel to the long 












nΔT  = 10% of the total diffusion time (to minimize errors due to sampling size) (Qian, et 
al., 1991). Using the MSD information, the diffusion coefficient for each protein complex was 
calculated by:  
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D(t)  is the diffusion coefficient for time interval 
€ 
t  (Qian, et al., 1991, Graneli, et al., 2006; 
Berg, 1993). For the linear MSD traces (N=58), the diffusion coefficients were calculated from 
direct fits to the entire plot. For nonlinear MSD plots the diffusion coefficients can be estimated 
from the initial slope of the curve and this slope is not appreciably affected by nondiffusive 
behavior or bounded diffusion (Kusimi et al., 1993; Saxton and Jacobson, 1997). Therefore, the 
diffusion coefficients from the nonlinear MSD plots (N=67) were determined by fitting the first 
10 data points. The mean diffusion coefficient from all 125 trajectories was 0.012 ± 0.018 
µm2/sec, and the observed values ranged from 0.002 µm2/sec up to 0.09 µm2/sec with a median 
of 0.0058 µm2/sec.  
 The particle-tracking algorithm used to monitor the movement of Msh2-Msh6 
simultaneously records its position in the y-direction (i.e. parallel to the long axis of the DNA) 
and in the x-direction (i.e. perpendicular to the long axis of the DNA; see Graneli, 2006b). The 
values obtained for the x-direction primarily reflect the thermal motions of the DNA molecules. 
All of the tracked proteins displayed x-direction fluctuations ranging between ±50-250 
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nanometers (with a mean of ±80 nm), which is an order of magnitude below the motions 
observed along the helical axis (i.e. the y-direction) of the DNA. DNAs more flexible than this 
were occasionally observed, but they were omitted from the analysis because their flexibility 
caused the bound fluorescent Msh2-Msh6 to fluctuate too much within the evanescent field 
making them impossible to track accurately (although qualitatively they displayed exactly the 
same diffusive behavior). 
 
Calculation of theoretical hydrodynamic diffusion coefficients 
The diffusion coefficient of a spherical object traveling by purely translational movement 







Where η is solvent viscosity (0.9 g/m·sec; the viscosity of water at 25˚C), a is the radius of the 
diffusing protein complex (12.9 nm for the Msh2-Msh6 quantum dot conjugates), kB is 
Boltzmann’s constant, and T is absolute temperature (Berg, 1993). This calculation yields 
D1,calc= 18.3 µm2/sec as the upper bound for the quantum dot-Msh2-Msh6 diffusion coefficient in 
the absence of rotation (Figure 2-S4). This value increases to ≈40 µm2/sec as the upper bound for 
translational diffusion of Msh2-Msh6 in the absence of the quantum dot. 
For the case of diffusion with a rotational component, we calculated the theoretical upper 
bound for the one-dimensional diffusion coefficient of the quantum dot conjugated Msh2-Msh6 
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The extra term in the denominator of the Schurr model compensates for the additional energy 
dissipation brought about by the rotation of the protein around the DNA, resulting in a large 
reduction in the diffusion coefficient (Schurr, 1979; Blainey et al., 2006). This yields D1,calc= 
0.024 µm2/sec as the upper bound for diffusion with rotation about the helix. This value 
increases to ≈0.25 µm2/sec as the upper bound for 1D-diffusion with a rotational component for 
Msh2-Msh6 in the absence of the quantum dot.  
For a step size (x) of 1 base pair (0.34x10-3 µm), the theoretical stepping rate for a random walk 
can be calculated as (Berg, H.C., 1993; Blainey et al., 2006): 
 







For D1,calc=0.024 µm2/sec (assuming a rotational component), this calculation yields a maximal 
theoretical step frequency of klim=4.2x105 steps/second. By applying the same formula we first 
calculated the rate kobs for each individual diffusion trajectory. From these values the average 
activation barrier across all samples was calculated using:  
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The resulting values were plotted as a histogram, which was then fitted to a Gaussian 
function to determine the mean and standard deviation (Figure 2-5S). This yields a free energy 
barrier 〈∆G‡〉 for Msh2-Msh6 one-dimensional diffusion of approximately 1.57±1.1 kBT (with a 
12.9 nm radius), which is below the estimated limit of ≈2 kBT for free 1D-diffusion (Slutsky and 
Mirny, 2004). If one assumes that 1D-diffusion occurs in the absence of rotation (i.e. D1,calc=18.3 
µm2/sec), these same calculations yield a theoretical step frequency of klim=3.2x108 steps/second, 
corresponding to mean free energy barrier of 8.3±1.3 kBT. Finally, the calculated value of 〈∆G‡〉 
does not depend on step size (Blainey, et al., 2006). While Msh2-Msh6 contacts multiple base 
pairs simultaneously, we assume that it slides by taking units steps of a single base pair in length, 
which is consistent with mechanisms involving one-dimensional diffusion. This assumption 
simply enables us to set a unit of length for further theoretical discussion and does not impact the 
outcome of the calculations.  
This analysis of Msh2-Msh6 assumes that the hydrodynamic properties of the quantum 
dot labeled proteins could be roughly approximated as a spherical object with a diameter 
corresponding to the overall approximate dimensions of the complex. We acknowledge that this 
is an oversimplification of the overall molecular architecture of the diffusing complexes, and we 
emphasize that the theoretical diffusion coefficients and the corresponding calculations of the 
mean energetic barriers are model-dependent, which could lead to errors in the exact values (as 
suggested by the negative barrier values implied by Figure 2-S5). A more detailed physical 
analysis of the diffusing complexes will be forthcoming; nevertheless, the reasonable agreement 
between our theoretical predictions and the experimental observations suggest that our simple 
hydrodynamic model is adequate to describe the movement of Msh2-Msh6. Therefore, the use of 
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the rough approximation at this stage of the investigation will in no way change any of the major 




Supplemental Figure Legend 
Supplemental Figure 2-S1. ATPase and DNA binding assays with tagged Msh2-Msh6. 
Panels (A) and (B) show the ATPase activity of Msh2-Msh6 in the presence or absence of the 
quantum dots (1:1 conjugation ratio). In (A) reactions were performed at varying concentrations 
of protein for a fixed time interval (30 minutes). In (B) reactions were performed with 100 nM 
Msh2-Msh6 for varying time intervals. Panel (C) shows the DNA binding activity of Msh2-
Msh6 in the presence or absence of the quantum dots. Binding reactions were performed in the 
absence of ATP and half of each reaction was subsequently challenged with 2 mM ATP (+ ATP 
chase).  
 
Supplemental Figure 2-S2. Interconversion of Msh2-Msh6 between the mobile and 
immobile states. Panels (A-D) show examples of particle-tracking data that illustrates changes 
in the movement of Msh2-Msh6. Of the 125 tracked particles that were used for analysis, 10 
showed similar changes between mobile and immobile states. 
 
Supplemental Figure 2-S3. Influence of NaCl on Msh2-Msh6 diffusion coefficients and 
lifetime. The upper panel (A) the measured diffusion coefficients of Msh2-Msh6 in varying 
concentrations of NaCl; open red circles show all calculated values for individual Msh2-Msh6 
complexes (N=125 for 50 mM NaCl, N=25 for all other NaCl concentrations) and the filled 
black squares indicate the mean value for each salt concentration. The lower panel (B) shows the 
calculated mean lifetimes of Msh2-Msh6 complexes bound to DNA. Lifetime measurements 
were made using DNA curtains. Msh2-Msh6 was initially bound at 10 mM NaCl, and then 
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rapidly chased with the indicated concentration of NaCl. The total number of complexes bound 
was plotted as a function of time for each indicated concentration of NaCl and the resulting 
dissociation curves were fit to single exponential decays to obtain the dissociation half-life that 
were then plotted versus concentration of NaCl. The reported values are the average of three 
different experiments.  
 
Supplemental Figure 2-S4. Experimental determination of the Msh2-Msh6-Qdot Stokes 
radius. We used gel filtration chromatography to determine the Stokes radius of the quantum dot 
conjugated Msh2-Msh6. The upper panel shows the standard curve generated using the indicated 
molecular mass standards. The lower tables show the experimentally determines values of Ve 
(elution volume) and Ve/Vo (elution volume/void volume) for each of the standards as well as 
the Msh2-Msh6 and Qdot complexes used in this study.   
 
Supplemental Figure 2-S5. Theoretical  hydrodynamic diffusion coefficients. The top panel 
shows theoretical diffusion coefficients that were calculated from hydrodynamic models for 
diffusion with rotation (Schurr model; red) or diffusion without a rotational component (Stokes-
Einstein model; blue), and these values were plotted as a function of protein radius. The dashed 
green line corresponds to a radius of 12.9 nm (the Stokes radius of the Msh2-Msh6-Qdot 
complex) and highlights the corresponding predicted value for the theoretical diffusion 
coefficient.  
 
Supplemental Figure 2-S6. Calculation of the mean energetic barrier to diffusion. The mean 
energetic barriers 〈∆G‡〉 were determined for each individual diffusion coefficient assuming 
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effective hydrodynamic radii of 12.9 nm for the quantum dot tagged Msh2-Msh6 complexes. 
Complete details of these calculations are presented in the supplemental text.  
 
Supplemental Figure 2-S7. ATP-dependent displacement of immobile Msh2-Msh6 from 
DNA occurs through a combination of sliding and direct dissociation. (A) Shows the 
dissociation of the entire protein population as a function of time after the injection of ATP. The 
lower panels show a series of kymograms with different examples of Msh2-Msh6 sliding off of 
the DNA curtain in response to the (A) ADP/ATP exchange or (B) ADP/ATPγS exchange. The 
Flow ON/OFF control is indicated, as is the time when ATP (or ATPγS) was injected into the 
sample chamber. The white arrowheads highlight the dissociation of each Msh2-Msh6 complex 
from the DNA.  
 
Supplemental Figure 2-S8. S. cerevisiae Msh2-Msh3 and E. coli MutS also display 
characteristics of 1D-diffusion. Diffusion experiments were conducted with either (A) MutS or 
(B) Msh2-Msh3 using double-tethered DNA. Msh2-Msh3 had an HA epitope tag on Msh2 and 
was labeled with anti-HA coupled quantum dots. FLAG tagged MutS was labeled with anti-
FLAG coupled quantum dots. Reaction conditions were the same as those used for Msh2-Msh6; 
Msh2-Msh3 was assayed in buffer containing 1 mM ADP and 50 mM NaCl, and MutS was 
assayed in buffer containing 1 mM ADP and 10 mM NaCl. The MSD plots of typical examples 
of MutS or Msh2-Msh3 show a linear dependence on time interval and the calculated diffusion 
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Single-molecule studies of biological macromolecules can benefit from new experimental 
platforms that facilitate experimental design and data acquisition. Here we develop new 
strategies to construct curtains of DNA where the molecules are aligned with respect to one 
another and maintained in an extended configuration by anchoring both ends of the DNA to the 
surface of a microfluidic sample chamber that is otherwise coated with an inert lipid bilayer. This 
“double-tethered” DNA substrate configuration is established through the use of nanofabricated 
rack patterns comprised of two distinct functional elements: linear barriers to lipid diffusion that 
align DNA molecules anchored by one end to the bilayer, and antibody-coated pentagons that 
provide immobile anchor points for the opposite ends of the DNA. These devices enable the 
alignment and anchoring of thousands of individual DNA molecules, which can then be 
visualized using total internal reflection fluorescent microscopy under conditions that do not 
require continuous application of buffer flow to stretch the DNA. This unique strategy offers the 
potential for studying protein-DNA interactions on large DNA substrates without compromising 
measurements through application of hydrodynamic force. We provide a proof-of-principle 
demonstration that double-tethered DNA curtains made with nanofabricated rack patterns can be 







Dynamic interactions between proteins and DNA underlie many biological processes, 
and as such are the subject of intense investigation. Numerous laboratories are now tackling 
these problems using new optical microscopy-based methods that enable the direct visualization 
of DNA molecules or protein-DNA complexes at the single-molecule level in real time, and the 
information garnered from these experiments is being used to build detailed mechanistic models 
of many different types of reactions (Bustamante et al. 2003; Zlatanova & van Holde 2006; 
Cairns 2007; van Oijen 2007). In addition, micro- and nanoscale devices, in combination with 
optical-based detection, are becoming increasingly powerful tools for the manipulation and 
analysis of individual DNA molecules(Tegenfeldt et al. 2004; Riehn et al. 2005; Riehn et al. 
2006). One problem with many single-molecule techniques is that they are inherently designed to 
probe individual reactions, and as a consequence it can be challenging to gather statistically 
relevant data. This difficulty is often compounded by the fact that these experiments are 
technically demanding. Therefore it is advantageous to establish new experimental platforms that 
can increase throughput capacity of single-molecule imaging, while at the same time making 
these approaches both easier and more readily applicable to biological reactions involving 
different types of DNA transactions. 
In an effort to help make single-molecule techniques more accessible we have sought to 
develop novel methods enabling high-throughput single-molecule imaging by integrating 
nanoscale engineering, microfluidics, and lipid bilayer-coated surfaces with single-molecule 
optical microscopy (Granéli et al. 2006; Fazio et al. 2008; Visnapuu et al. 2008). A key aspect of 
these new experimental platforms is that they utilize inert lipid bilayers to passivate the fused 
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silica surface of a microfluidic sample chamber. Artificial lipid membranes deposited on solid 
supports have proven useful for many types of biochemical studies(Perez et al. 2005; Chan & 
Boxer 2007; Floyd et al. 2008), the chemical characteristics of the bilayer can be controlled 
through careful selection of the constituent lipids(Sackmann 1996; Chan & Boxer 2007), they 
can be partitioned with chemical or mechanical barriers(Groves et al. 1997; Cremer & Boxer 
1999; Groves & Boxer 2002), and the distributions of molecules anchored to lipids can be 
manipulated using photochemical modulation, electrical fields, or hydrodynamic force(Groves et 
al. 1997; Groves et al. 1997; Tanaka et al. 2007; Jackson et al. 2008). Based on these properties 
we have demonstrated that artificial bilayers can be used in combination with manually-etched 
microscale barriers to lipid diffusion to align hundreds of lipid-tethered DNA molecules; we 
refer to these aligned molecules as DNA curtains(Granéli et al. 2006; Granéli et al. 2006; Prasad 
et al. 2006; Gorman et al. 2007; Prasad et al. 2007). Alignment of the lipid-tethered DNA is 
achieved by using hydrodynamic force to push the molecules into the leading edge of the 
diffusion barriers. More recently we have employed electron-beam (ebeam) lithography to 
fabricate diffusion barriers with nanoscale dimensions, which allows for much more precise 
control over both the location and lateral distribution of the DNA molecules within the 
curtains(Fazio et al. 2008; Visnapuu et al. 2008). These nanofabricated DNA curtains permit 
simultaneous visualization of thousands of individual DNA molecules that are perfectly aligned 
with respect to one another, and offers the potential for massively parallel data acquisition from 
thousands of individual protein-DNA complexes in real time using a robust experimental 
platform amenable to a wide variety of biological applications. We have also shown that these 
DNA curtains are advantageous for studying protein-DNA interactions at the single-molecule 
level, and we have begun to apply these tools to biological systems such as nucleosomes and 
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chromatin remodeling, homologous DNA recombination, and post-replicative mismatch 
repair(Granéli et al. 2006; Prasad et al. 2006; Gorman et al. 2007; Prasad et al. 2007; Visnapuu 
& Greene 2009).  
One drawback of our previous DNA curtain designs is that they require continuous 
application of a hydrodynamic force during data collection. This is because just one end of the 
DNA is anchored to the lipid bilayer. If buffer flow is terminated the “single-tethered” DNA 
does not remain stretched, and as a consequence it can not be visualized along its full contour 
length because it drifts outside of the detection volume defined by the penetration depth of the 
evanescent field. The need for buffer flow is not problematic for many types of measurements, 
however, the hydrodynamic force exerted by the flowing buffer can potentially impact the 
behavior of proteins or protein complexes, and the magnitude of this impact is expected to scale 
in proportion to the hydrodynamic radius of the molecules under observation(Gorman & Greene 
2008; Tafvizi et al. 2008). The influence of buffer flow is especially apparent during 
measurements involving proteins that slide on DNA by one-dimensional diffusion, because an 
applied flow force can strongly bias the direction that the proteins travel along the DNA 
(Gorman & Greene 2008).  
Here we have developed nanofabricated surface patterns for making curtains of aligned 
DNA molecules anchored by both ends to the surface of a microfluidic sample chamber. These 
patterns are referred to as DNA racks and are comprised of linear barriers to lipid diffusion, 
similar to our previous designs(Fazio et al. 2008; Visnapuu et al. 2008), along with arrays of 
metallic pentagons, which are coated with antibodies directed against a small molecule tag 
present at one end of the DNA. The lipid-tethered DNA molecules are first aligned along the 
linear barriers. The pentagons then serve as solid anchor points positioned at a defined distance 
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downstream from the linear barriers. Once aligned at the linear barriers and anchored to the 
pentagons, the “double-tethered” DNA molecules are maintained in an extended state suspended 
above an inert lipid bilayer and remain confined within the detection volume defined by the 
penetration depth of the evanescent field. This anchoring strategy circumvents the requirement 
for continuous buffer flow, and allows observation of long DNA molecules along their full 
contour length, even in the absence of an applied hydrodynamic force.  
 
MATERIALS AND METHODS 
Electron beam lithography.  
Fused silica slides were cleaned in NanoStrip solution (CyanTek Corp, Fremont, CA) for 
20 minutes, then rinsed with acetone and isopropanol and dried with N2. The slides were spin-
coated with a bilayer of polymethylmethacrylate (PMMA), molecular weight 25K, 3% in anisole 
and 495K, 1.5% in anisole (MicroChem, Newton, MA), followed by a layer of Aquasave 
conducting polymer (Mitsubishi Rayon). Each layer was spun at 4,000 rpm for 45 seconds using 
a ramp rate of 300 rpm/s. Polygon patterns and linear barriers were written by Ebeam 
lithography using an FEI Sirion scanning electron microscope equipped with a pattern generator 
and lithography control system (J. C. Nabity, Inc., Bozeman, MT). After patterning, Aquasave 
was rinsed off with deionized water. Resist was developed using a 3:1 solution of isopropanol to 
methyl isobutyl ketone (MIBK) for 1 minute with ultrasonic agitation at 5°C. The substrate was 
then rinsed in isopropanol and dried with N2. A 15-20 nm layer of gold atop a 3-5 nm adhesion 
layer of either chromium (Cr) or titanium (Ti) was deposited using a Semicore electron beam 
evaporator. Alternatively, a 15-20 nm layer of Cr was deposited directly only the fused silica 
without need for an adhesion layer. Liftoff was affected at 80˚C in a 9:1 ratio of methylene 
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chloride to acetone. Alternatively, barriers were made out of just a 15-20 nm layer of chromium, 
as previously described (Fazio et al. 2008; Visnapuu et al. 2008). Following liftoff, samples were 
rinsed with acetone to remove stray chromium flakes and dried with N2. Barriers were imaged 
using a Hitachi 4700 scanning electron microscope and a PSIA XE-100 Scanning Probe 
Microscope in noncontact mode. Optical images of the barriers were taken with a Nikon Eclipse 
ME600. 
 
Nanoimprint lithography.  
Nanoimprint masters were fabricated using electron beam lithography, liftoff, and 
inductively-coupled plasma etching. Briefly, a bilayer of poly-methyl methacrylate (PMMA, 
25K and 495K) was spun onto a silicon wafer with a thin coating of silicon dioxide. Patterns 
were written by an FEI Sirion SEM outfitted with a Nabity Nanopattern Generation System, then 
developed in a mixture of isopropanol : methyl isobutyl ketone (3:1) at 5°C in a bath sonicator. 
Samples were then rinsed with isopropanol and dried with N2. A Semicore Ebeam evaporator 
was used to evaporate 20 nm Cr onto the masters. Liftoff was performed in acetone at 65˚C. The 
patterned masters were then plasma-etched to a depth of 100 nm in a mixture of C4F8:O2 (9:1) 
for 90 seconds at a power of 300 W using an Oxford ICP etch tool. Nanoimprint masters were 
then coated with a fluorinated self-assembled monolayer (Nanonex, Princeton, NJ) to prevent 
adhesion between the master and resist. 
 To make nanoimprinted barriers, PMMA 35K (Microresist Technologies, Germany) was 
spin-coated on a fused silica microscope slide and baked on a hotplate for 5 minutes at 180°C. 
Nanoimprint was performed in two stages: a 2-minute pre-imprint phase with a pressure of 120-
psi and pre-temperature of 120°C, followed by a 5-minute imprint phase with a pressure of  480-
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psi and temperature of 190°C. This heated the PMMA well above its glass transition temperature 
and allowed it to conform to the mold. After imprinting, a de-scum process was done to remove 
~10 nm of residual PMMA. De-scum was done in an inductively coupled plasma under CHF3:O2 
(1:1) and a power of 200 W for 40 seconds total (two iterations of 20 seconds). After descum, 
15-20 nm of Cr was evaporated on the samples and liftoff was performed in acetone at 65°C for 
several hours, followed by bath sonication to remove stray metal flakes. Finally, nanopatterned 
slides were rinsed in acetone and dried with N2. 
 
Lipid bilayers and DNA curtains.  
The flowcells were assembled from fused silica slides (G. Finkenbeiner, Inc.) with 
chromium nanoscale diffusion barriers. Inlet and outlet ports were made by boring through the 
slide with a high-speed precision drill press equipped with a diamond-tipped bit (1.4 mm O.D.; 
Kassoy). The slides were cleaned by successive immersion in 2% (v/v) Hellmanex, 1 M NaOH, 
and 100% MeOH. The slides were rinsed with filtered sterile water between each wash and 
stored in 100% MeOH until use. Prior to assembly, the slides were dried under a stream of 
nitrogen and baked in a vacuum oven for at least 1 hour. A sample chamber was prepared from a 
borosilicate glass coverslip (Fisher Scientific) and double-sided tape (~25 µm thick, 3M). Inlet 
and outlet ports (Upchurch Scientific) were attached with hot-melt adhesive (SureBonder glue 
sticks, FPC Corporation). The total volume of the sample chambers was ~4 µl. A syringe pump 
(Kd Scientific) and actuated injection valves (Upchurch Scientific) were used to control sample 
delivery, buffer selection and flow rate. The flowcell and prism were mounted in a custom-built 
heater with computer-controlled feedback regulation to control the temperature of the sample 
from between 25-37˚C (±0.1˚C), as necessary. After each use, the slides were soaked in MeOH 
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to remove the ports and tape, rinsed with water, washed briefly (15-20 minutes) with Nanostrip, 
and rinsed with water. This procedure was sufficient to clean the slide surfaces for reuse, and 
each slide could be used multiple times without degrading the quality of the optical surface or the 
metallic patterns.   
DNA curtains were constructed as described (Fazio et al. 2008; Visnapuu et al. 2008), 
with the exception of additional steps necessary for anchoring the second end of the DNA. All 
lipids were purchased from Avanti Polar Lipids and liposome were prepared as previously 
described. In brief, a mixture of DOPC (1,2-dioleoyl-sn-glycero-phosphocholine), 0.5% 
biotinylated-DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)), and 8-
10% mPEG 550-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-550]). The mPEG is does not affect bilayer formation or assembly of the DNA curtains, 
but rather serves to further passivated the surface against nonspecific adsorption of quantum dots 
(which we use in our studies of protein-DNA interactions). Liposomes were applied to the 
sample chamber in three injections of 200 µl followed by 5 minute incubations. Excess 
liposomes were flushed away with 1 ml of buffer A , which contained 10 mM Tris-HCl (pH 7.8) 
plus 100 mM NaCl, and the bilayer was incubated for an addition 30 minutes. Buffer A plus 25 
µg/ml anti-DIG Fab (Roche), anti-fluorescein (Sigma), or anti-BrdU IgG (Sigma) was then 
injected into the sample chamber and incubated for 30 minutes. The sample chamber was then 
flushed with 1 ml of buffer B, which contained  40 mM Tris-HCl (pH 7.8), 1 mM DTT, 1 mM 
MgCl2, and 0.2 mg/ml BSA, and incubated for an additional 5 minutes. 1 ml of buffer A 
containing Neutravidin (330 nM) was then injected into the sample chamber and incubated for 
20 minutes. The flowcell was then rinsed with 3 ml of buffer B to remove any unbound 
Neutravidin. 1 ml of l-DNA (20 pM) labeled at one end with biotin and at the other end with 
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either digoxigenin, fluorescein or bromodeoxyuridine (as indicated) and pre-stained with 1-2 nM 
YOYO1 was injected into the sample chamber in five 200-µl aliquots, with a 2-3 minute 
incubation period following each injection. The DNA was then aligned at the linear barriers 
using a flow rate of 0.02 ml/min, and this rate was then increased to 2-3 ml/min to anchor the 
second end of the DNA molecules.  
 
DNA substrates.  
The DNA substrates were made by ligating oligonucleotides to the 12 nucleotide 
overhangs at the end of the λ phage genome (48.5 kb). Ligation mixes (1 ml total volume) 
contained 4 nM λ DNA (Invitrogen), 1 µM biotinylated oligonucleotiode (5’-pAGG TCG CCG 
CCC [BioTEG]-3’), 1 µM fluorescein labeled oligonulceotide (or DIG labeled oligonucleotide; 
5’-pGGG CGG CGA CCT [fluor]-3’ or 5’-pGGG CGG CGA CCT [DIG]-3’), and 1X ligase 
buffer (NEB). The reaction mix was warmed to 65˚C for 10 minutes and then cooled slowly to 
room temperature. After cooling, ligase was added (T4 DNA ligase (400U/µl) or Taq ligase 
(40U/µl); NEB) and the mixture was incubated overnight at 42˚C. Reactions performed with T4 
ligase were then heat inactivated at 65˚C for 10 minutes, and the ligated DNA products were 
purified over a Sephacryl S200HR column (GE Healthcare) run in 10 mM Tris-HCl (pH 7.8), 1 
mM EDTA, plus 150 mM NaCl. The purified DNA was stored at –20˚C.   
 For inserting DIG labeled oligonucleotide complementary to position 14,771 base pairs 
away from the biotinylated end of the λ-DNA, 500 µl of λ-DNA (200pM; labeled at the ends 
with biotin and fluorescein (as described above)) was incubated for 2 hours with the nicking 
enzyme Nt.BstNBI (50 units; NEB) at 55˚C in buffer containing  
10mM Tris-HCl (pH 7.8), 10 mM MgCl2, 150 mM NaCl. The enzyme was heat denatured by 
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incubation at 80˚C for 20 minutes. 1 µM of oligonucleotide (5’-pTTC AGA GTC TGA CTT 
TT[DIG]-3’) was added to the solution and the mixture was incubated at 55° C for 20 minutes 
then cooled slowly to room temperature over the course of 1 hr. ATP was then added to a final 
concentration of 1 mM along with 2,000 units of T4 ligase, and the reaction was incubated at 
room temperature for 90 min. The ligase was then heat denatured by incubation at 65˚C for 20 
minutes. 
 
TIRFM and 1D diffusion assays.  
The basic design of the microscope used in this study has been previously 
described(Granéli et al. 2006). In brief, the system is built around a Nikon TE2000U inverted 
microscope with a custom-made illumination system. For this study, a 488 nm, 200 mW diode-
pumped solid-state laser (Coherent, Sapphire-CDHR) was used as the excitation source. The 
laser was attentuated as necessary with a neutral density filter and centered over the DNA curtain 
by means of a remotely operated mirror (New Focus). The beam intensity at the face of the prism 
was typically ~10-15 mW. TIRFM images were collected using a 60x water immersion objective 
lens (Nikon, 1.2 NA Plan Apo) and a back-illuminated EMCCD detector (Photometrics, Cascade 
512B). Anti-Flag labeled quantum dots (QDs; Invirtogen) were prepared as described(Gorman et 
al. 2007). Mlh1 (250 nM) and anti-FLAG QDs (500 nM) were incubated at a 1:2 ratio of protein 
to QD in 20mM Tris pH 7.8 100mM NaCl for over 30 minutes on ice. The QD tagged Mlh1 (1 
nM) was diluted to a final concentration of 10 nM Mlh1 in buffer containing 40mM Tris pH 7.8, 
1mM DTT, 1mM ATP, 50 mM NaCl, 1mM MgCl2, 0.4 mg/ml BSA, and then injected into a 
sample chamber containing a preassembled double-tethered DNA curtains. Diffusion coefficients 





Design elements and nanofabrication of the DNA rack.  
Here we expand on our previous work and demonstrate the development of new 
nanofabricated barrier patterns, referred to as DNA “racks”, which can be used to make DNA 
curtains where both ends of the DNA molecules are anchored to the flowcell surface. The rack 
patterns utilize a combination of two distinct functional elements, and an overview of the general 
design is presented in Figure 3-1A and 1C. In principle, one end of the DNA is first anchored via 
a biotin-neutravidin interaction to a supported lipid bilayer coating the surface of the fused slica 
sample chamber (figure 1B and C), as previously described(Fazio et al. 2008; Visnapuu et al. 
2008). In the absence of a hydrodynamic force the molecules are randomly distributed on the 
surface, and lie primarily outside of the detection volume defined by the penetration depth of the 
evanescent field (~150-200 nm). Application of buffer flow pushes the DNA through the sample 
chamber while the biotinylated DNA ends remain anchored within the fluid bilayer. The first 
pattern elements are linear barriers to lipid diffusion(Groves et al. 1997; Cremer & Boxer 1999; 
Groves & Boxer 2002), which are oriented perpendicular to the direction of buffer flow at 
strategic locations in the path of the DNA (figure 1B and C); these linear barriers are designed to 
halt the forward movement of the lipid-tethered DNA molecules through the sample chamber, 
causing them to accumulate at leading edge of the barriers where they then extend parallel to the 
surface(Fazio et al. 2008; Visnapuu et al. 2008). The second elements of the pattern are a series 
of arrayed pentagons positioned at a defined distance behind the linear barriers. The distance 
between the linear barriers and the pentagons is optimized for the length of the DNA to be used 
for the experiments (figure 3-1B and 1C, and see below). The channels between the adjacent 
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pentagons are intended to minimize accumulation of lipid-tethered DNA molecules between the 
linear barriers and the pentagon arrays. This design feature takes advantage of our previous 
observation that geometric barrier patterns can be used to direct the movement of DNA by 
making use of barrier edges that are not perpendicular to the direction of buffer flow(Visnapuu et 
al. 2008). Any DNA molecules anchored to the bilayer between the two barrier elements are 
expected to slide off the angled edges of the pentagons and should be funneled through the 
channels. The pentagons are also designed to present a large, exposed surface that can be 
nonspecifically coated with antibodies directed against small molecule haptens (either 
digoxigenin (DIG), fluorescein, or BrdU; see below), which are covalently linked to the ends of 
the DNA opposite the ends bearing the biotin tag (figure 3-1B). When the DNA molecules are 
aligned along the linear barriers and stretched perpendicular to the surface, the hapten-tagged 
DNA ends should bind the antibody-coated pentagons (figure 3-1C). In this scenario, the DNA 
molecules should remain stretched parallel to the surface even when no buffer is being pushed 
through the sample chamber (figure 3-1C).  
 To achieve these desired design features, chromium (Cr) or gold (Au) barrier patterns 
were made on 1”x3” fused silica slide glass by either ebeam lithography as previously 
described(Fazio et al. 2008; Visnapuu et al. 2008), or by nanoimprint lithography(Chou et al. 
1996; Gao et al. 2006) (see Materials and Methods). For most of the work described below each 
slide contained 16 total rack patterns, arranged in a 4x4 array at the center of the slide. Each rack 
pattern was 260 µm in length with a distance of 13 µm between the linear barriers and the back 
of pentagons. The center-to-center distance between each of the rack patterns within the 4x4 
array was 500 µm in the x-direction (parallel to the direction of buffer flow), and 370 µm in the 
y-direction (perpendicular to buffer flow). The total area encompassed by the 4x4 array of rack 
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patterns was 1513 x 1370 µm (2.073 mm2). Figure 3-2 shows the characterization of a typical 
DNA rack pattern made by ebeam lithography: figure 3-2A shows an optical image of the overall 
pattern design; figure 3-2B shows measurements of these parameters using atomic force 
microscopy (AFM); and figure 3-2C shows characterization of the patterns with scanning 
electron microscopy (SEM). As demonstrated from these images, the height of the pattern 
elements was typically on the order of 20 nm, the width of the channels between adjacent 
pentagons was 500 nm, and as indicated above the optimal distance between the leading edge of 
the linear barriers and the back of the pentagon array was ~13 µm (see below). This distance was 
specifically selected for use with λ phage DNA, a commercially available linear DNA substrate 
that is 48,502 base pairs with a fully extended contour length of approximately 16.5 µm. The 
separation distance of 11-13 µm between the leading edge of the linear barrier and the front and 
rear edges of the pentagons, corresponds to ~65-80% mean extension of the λ-DNA substrate, 
depending upon the precise anchoring position on the pentagon surface.  
  
Assembly and characterization of double-tethered DNA curtains.  
The overall design of the DNA rack relies upon the selective, but nonspecific adsorption 
of antibodies to the relatively large exposed surface of the metallic pentagons. The bilayer will 
coat the fused silica surface, but will not coat the metallic patterns, thus leaving the 
nanofabricated patterns exposed to solution(Groves & Boxer 2002; Fazio et al. 2008; Visnapuu 
et al. 2008). Antibodies injected into the sample chamber should not interact extensively with the 
inert lipid bilayer, nor should they adsorb to the fused silica slide glass that is protected by the 
bilayer. The antibodies could potentially adsorb to the exposed surfaces of both the linear 
barriers as well as the pentagons, because neither of these are protected by the bilayer and both 
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are made from the same material. However, the larger exposed surface area of the pentagons 
should ensure adsorption of more antibody relative to the smaller area encompassed by the linear 
barriers. Each pentagon has a surface area of 1.55 µm2 and there are 167 pentagons for each 260 
µm long linear barrier. This corresponds to a total surface area of 372 µm2 for the pentagons 
compared to just 36 µm2 for an entire linear barrier. In addition, any antibodies bound to the 
linear barriers will not interfere with the overall anchoring strategy, because any DNA anchored 
to the linear barriers through a hapten-antibody interaction would not be confined to the region 
encompassed by the evanescent field once buffer flow was terminated, and this would not be 
visible by TIRFM (see below).  
To assemble the double-tethered DNA curtains, the surface of the flowcell was first 
coated with a lipid bilayer, as previously described(Fazio et al. 2008; Visnapuu et al. 2008), with 
the exception that BSA was omitted from all buffers used prior to deposition of the antibodies. 
Omission of BSA was essential to ensure that the exposed pentagon surfaces were not passivated 
prior to the addition of the antibodies. Once the bilayer was assembled on the surface, anti-DIG 
Fab (Roche) or anti-fluorescein IgG (Sigma) was injected into the sample chamber where they 
were allowed to adhere nonspecifically to the exposed metal barriers. Following a brief 
incubation, the free antibody was rinsed from the flowcell and replaced with buffer containing 
0.2 mg/ml BSA, which served as a nonspecific blocking agent to passivate any remaining 
exposed surfaces. DNA labeled at one end with biotin and the the other end with DIG (see 
Materials and Methods) was stained with the fluorescent intercalating dye YOYO1 and then 
injected into the sample chamber. Following injection of the DNA, the sample was incubated 
briefly without buffer flow to allow the biotinylated ends to adhere to the surface of the bilayer, 
and then buffer flow was applied to push the DNA molecules into the linear barriers. The 
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anchored DNA molecules were then imaged by TIRFM in the presence and absence of buffer 
flow. As previously reported, single-tethered DNA curtains assembled with linear barriers could 
only be viewed when buffer was flowing, but the molecules drifted out of the evanescent field 
and disappeared from view when flow was terminated (figure 3-3A)(Fazio et al. 2008; Visnapuu 
et al. 2008). In contrast, when the DNA curtains were made using the new rack patterns the 
anchored molecules remained fully extended and visible by TIRFM even when no buffer was 
flowing through the sample chamber (figure 3-3B and 3C). Any DNA molecules that were 
anchored to the surface by just one end (either via the biotin or DIG tag) disappeared from view 
when buffer flow was terminated. The fact that the single-tethered molecules disappear from 
view in the absence of buffer flow can be used to take advantage of the spatially selective 
illumination geometry provided by TIRF illumination and ensures that any single-tethered DNA 
molecules will not comprise imaging of the double-tethered DNA.  
Several experimental parameters were assessed to optimize assembly of the double-tethered 
DNA curtains. The relative anchoring efficiency was tested for rack patterns made with variable 
spacing between the linear barriers and pentagon anchor points (ranging from 5-15 µm). As 
expected, the most efficient anchoring occurred with pattern distances corresponding to the 
length of the flow stretched λ-DNA (~13 µm; figure 3-3D)(Granéli et al. 2006). Control 
experiments with DNA lacking the hapten tag or flowcells not treated with antibodies verified 
that the presence of both the DIG label and the Fab fragments were necessary for efficiently 
anchoring the two ends of the DNA. Approximately 95% of the anchored DNA could be 
attributed to specific antibody-hapten interactions, with the remaining 5% due to nonspecific 
anchoring of the DNA ends to the antibody-coated pentagons (data not shown). The identity of 
the antibody-hapten pair was also investigated, and double-tethered DNA curtains could be made 
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using substrates that were end-labeled with either a single digoxigenin, fluorescein, or 
bromodeoxyuridine (BrdU), and pentagons coated with the corresponding anti-DIG, anti-
fluorescein, or anti-BrdU antibodies, respectively. The number of double-tethered DNA 
molecules anchored to the surface decreased slowly over time, with a half-life of >1 hour for the 
DIG-labeled molecules (figure 3-3E), in good agreement with the expectations for a high-affinity 
antibody-hapten interaction. The half-life of the fluorescein-anchored DNA was comparable to 
that of the DIG-anchored DNA (not shown). However, the BrdU-anchored DNA molecules 
(labeled with either 1 or 3 BrdU tags) had a much greater tendency to dissociate from the 
pentagons, displaying a half-life on the order of just a few minutes (data not shown). Finally, the 
double tethering procedure worked equally well with barriers made or chromium (Cr) or gold 
(Au), and neither of these materials interfered with acquisition of the fluorescent images. The Cr 
patterns appeared dark against the background (figure 3-3B), because the Cr blocks the incident 
light from the laser beam. Whereas Au barriers appeared bright against the darker background, 
presumably because a surface plasmon (SP) is established within the thin Au layer, and the SP is 
either more intense than the surrounding evanescent field on the fused silica, and/or additional 
light is scattered due to the intrinsic roughness of the gold surface(Knoll & Rothenhäusler 1988; 
Kim & Campbell 2007). This allowed the Au patterns to be directly imaged by TIRFM, thus the 
pattern elements can serve as fiduciary markers on the sample chamber surface (see below; 
figure 3-4C).  
 
Defined orientation of the double-tethered DNA curtains.  
The differential chemistries used to tag the two ends of the DNA were selected such that 
the molecules within the doubled-tethered curtains should be aligned in a defined orientation. 
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That is, the biotinylated end should be anchored at the edge of the linear barriers, and the hapten-
tagged end should be anchored to the downstream pentagons. This orientation specificity can be 
tested using an asymmetrically labeled DNA substrate tagged with a fluorescent quantum dot 
(QD; figure 3-4A). If the DNA molecules were aligned as expected, then a QD located at a 
single specific site within the DNA should appear as a fluorescent “line” spanning the DNA 
curtain (figure 3-4B, upper panel). The line of QDs should be oriented perpendicular to the long 
axis of the extended DNA molecules and should coincide with the known location of the 
engineered tag. If the DNA were in the opposite orientation from that which was expected, then 
the QDs would be found at an incorrect location within the double-tethered curtain (figure 3-4B, 
middle panel). Finally, if the DNA molecules were randomly oriented, then the QDs should 
reveal both possible orientations of the DNA molecules (figure 3-4B, lower panel). To confirm 
that the DNA was oriented correctly, the molecules were labeled at one end with fluorescein, at 
the other with biotin, and labeled with DIG at a position 14,711 base pairs away from the biotin 
tag (see Materials and Methods). The internal DIG labels were made using an oligonucleotide 
replacement strategy wherein the DNA was nicked at specific sites with a nicking endonuclease 
and short ssDNA fragments flanked by the resulting nicks were replaced with a DIG-tagged 
oligonucleotide (see Materials and Methods). Experiments with DNA curtains anchored by a 
single end confirmed that the QDs were present at a single location within the DNA molecules as 
dictated by the sequences of the oligonucleotides (not shown). The double-tethered curtains were 
then assembled using pentagons coated with anti-fluorescein antibodies, and the DIG tags were 
labeled by injecting anti-DIG coated QDs into the sample chamber. As shown in figure 3-4C, the 
DNA-bound anti-DIG QDs were aligned with one another, and the mean position of the QD tags 
was found to be 14,645±1,585 base pairs (N=78) from the biotinylated DNA ends, which  
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coincided to within 66 base pairs of the expected location (figure 3-4D). No QD tags were 
observed at other locations on the DNA. These results confirmed that all of the DNA molecules 
anchored to the surface via the nanofabricated rack patterns were aligned in the same orientation, 
as defined by the distinct function groups engineered at the opposing ends of the DNA 
molecules.  
 
Visualizing proteins sliding on the double-tethered DNA curtains.  
The primary motivation for development of these double-tethered DNA curtains was to 
facilitate visualization of passive diffusion of proteins along DNA(Gorman & Greene 2008). For 
example, in previous work we have demonstrated that the protein complex Msh2-Msh6 can 
diffuse in one-dimension (1D) along duplex DNA(Gorman et al. 2007). Msh2-Msh6 is an 
essential component of the post-replicative mismatch repair machinery and is responsible for 
locating and initiating repair of biosynthetic DNA replication errors. Our initial studies with 
Msh2-Msh6 relied upon DNA molecules that were tethered by both ends to neutravidin 
nonspecifically absorbed to a fused silica surface(Gorman et al. 2007). With this approach we 
would typically obtain only 10-30 DNA molecules per flowcell that were suitable for making 
diffusion measurements, often limiting data collection to just one molecule per field of view. 
Moreover, these double-tethered DNA molecules were randomly distributed on the flowcell 
surface and had to be manually located by scanning the entire surface of the flowcell, which 
made these 1D-diffusion measurements technically demanding and time consuming. As shown 
above, using the engineered surfaces with DNA rack patterns we can now visualize thousands of 
DNA molecules per flowcell, and on the order of 50-100 in each field of view. Here we 
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demonstrate that these anchored curtains of DNA are suitable for studying protein-DNA 
interactions. 
 To determine whether the double-tethered DNA curtains made using the nanofabricated 
rack patterns could be used to study 1D-diffusion of proteins we tested the mismatch repair 
protein Mlh1(Kunkel & Erie 2005), which was labeled with a single QD via a FLAG epitope tag; 
complete analysis of QD-tagged Mlh1 will be presented elsewhere(Gorman et al.). The labeled 
proteins were injected into a flowcell containing a curtain of YOYO1-stained double-tethered 
DNA molecules, and videos were collected over a 60-second period. As shown in figure 3-5A, 
we could readily detect binding of Mlh1 to the DNA molecules within the double-tethered 
curtains. There were 79 DNA molecules and 235 DNA-bound proteins observed in this single 
field-of-view (figure 3-5A), illustrating the dramatic improvement of this approach compared to 
our previous technique for making double-tethered DNA molecules(Granéli et al. 2006; Gorman 
et al. 2007). The proteins that were bound to the double-tethered DNA curtain diffused rapidly in 
one-dimension along the DNA molecules, exhibiting a mean diffusion coefficient of 0.14±0.13 
µm2/sec, and this motion was revealed in kymograms made from representative examples of 
molecules found within the DNA curtains (figure 3-5B; detailed analysis of this diffusive 
behavior will be presented elsewhere(Gorman et al.)). This experiment provides direct evidence 
that the double-tethered DNA curtains assembled using nanofabricated rack patterns can be used 
to visualize the lateral motion of fluorescently tagged proteins along the DNA molecules.   
 To verify that the lipid bilayers retained their inert properties when used with the DNA 
rack devices we assessed whether the protein or DNA molecules remained bound to the surface 
after breaking the DNA. If either the proteins or the DNA were nonspecifically linked to the lipid 
bilayer that coated the sample chamber surface, then they should remain within the evanescent 
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field and in the field-of-view even if the DNA breaks or detaches from one of its anchor points. 
In contrast, if neither the proteins nor the DNA interact nonspecifically with the bilayer, then 
detachment of the DNA should cause the molecules to retract away from the surface and they 
should rapidly disappear from view(Granéli et al. 2006; Granéli et al. 2006; Gorman et al. 2007; 
Prasad et al. 2007; Fazio et al. 2008; Visnapuu et al. 2008; Visnapuu & Greene 2009). As shown 
in figure 3-5C, when the DNA molecules randomly detached from the surface during the course 
of an observation the proteins almost immediately disappeared from view as they drifted outside 
the detection volume define by the penetration depth of the evanescent field. Taken together, this 
data demonstrates that the fluorescently tagged proteins were bound to the DNA, that the DNA 
molecules only interacted with the sample chamber surface through their anchored ends, and that 
neither the QD-tagged proteins nor the DNA interacted nonspecifically with the lipid bilayer.  
 
DISCUSSION 
Single-molecule imaging offers many unique opportunities to probe biological reactions 
in ways not possible through conventional biochemical or biophysical approaches. To facilitate 
these studies we are developing new techniques for controlling the spatial organization of surface 
anchored DNA molecules within the confines of a microfluidic sample chamber. Our unique 
approaches are based upon surface engineering techniques that enable us to control the 
distribution of DNA substrates with micro- and nanoscale precision(Fazio et al. 2008; Visnapuu 
et al. 2008). Here we build upon our previous work by using direct-write electron beam or 
nanoimprint lithography to fabricate patterns comprised of linear diffusion barriers followed by 
pentagonal anchor points, which together provide different functional features enabling DNA 
curtains to be anchored by both ends on the surface of a microfluidic sample chamber. We refer 
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to these patterned surfaces as DNA “racks” because the molecules are stretched out and anchored 
to the flowcell surface where they can be viewed by TIRFM. We have demonstrated that these 
tools can be used along with wide-field TIRF microscopy to visualize hundreds of individual, 
perfectly aligned DNA molecules, all of which are arranged in the same orientation and anchored 
by both ends to the sample chamber surface. An important aspect of these devices is that the 
fused silica surface is coated with a supported lipid bilayer, and the DNA molecules are 
suspended above this bilayer, ensuring that they are maintained within an inert 
microenvironment compatible with a range of biological molecules. As with our previous 
nanofabricated devices, this new approach is relatively simple and robust, the flowcells are 
reusable, the barriers themselves are uniform, and they do not compromise the optical quality of 
the fused silica or interfere with signal detection. Other procedures for anchoring numerous, long 
DNA molecules to surfaces are present in the literature (Kabata et al. 1993; Lin et al. 1999; Assi 
et al. 2002; Lebofsky & Bensimon 2003; Guan & Lee 2005; Kim et al. 2007). However, none of 
these methods offers the ability to pattern thousands of DNA molecules all aligned in the same 
orientation using an experimental platform that is compatible with protein biochemistry and 
single-molecule fluorescence imaging. 
As a first conceptual demonstration we have shown that the curtains of double-tethered 
DNA can be used to image 1D-diffusion of DNA-binding proteins. Our previous approach to 
these experiments relied upon DNA that was randomly anchored to a surface via biotin-
neutravidin interactions, which typically yielded no more than 1-3 molecules of DNA per field-
of-view, with just ~10-30 double-tethered DNA molecules present over the entire surface of the 
flowcell (Granéli et al. 2006; Gorman et al. 2007). In addition, the molecules were randomly 
oriented on the flowcell surface, making it difficult to locate and compare different DNA 
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molecules to one another in order to dissect sequence specific events. While this original 
approached proved useful for our initial studies, it was tedious and challenging to collect 
sufficient data for thorough analysis. As demonstrated here, we are now able to visualize on the 
order of one hundred DNA molecules per field-of-view, thousands of molecules are present on 
the surface of a typical flowcell, and all of these DNA molecules are aligned in the exact same 
orientation. This novel approach will make 1D diffusion measurements and molecule-to-
molecule comparisons more straightforward in future work. 
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Figure 3-1. Schematic of DNA rack design. Conceptual diagram of lipid-tethered DNA 
molecules aligned at a diffusion barrier. Panel (A) shows a diagram of the total internal reflection 
fluorescence microscope (TIRFM) used to image single-molecules of DNA. For imaging by 
TIRFM the long DNA molecules (48.5 kb) used in these studies must be extended parallel to the 
surface of the sample chamber in order to remain confined within the evanescent field. Panels 
(B) and (C) depict a cartoon illustration of the bilayer on the surface of a fused silica slide, and a 
single barrier set comprised of a linear barrier and a series of aligned pentagons separated by 
nanochannels. Also depicted is the response of tethered DNA molecules to the application of a 
hydrodynamic force. The magenta circles are the biotinylated ends and the red squares are the 
hapten (digoxigenin, fluorescein, or BrdU) labeled ends of the DNA, respectively. The upper and 
lower panels in (B) and (C) depict views from the side and above, respectively. In the absence of 
buffer flow the DNA molecules are tethered to the surface, but are not confined within the 
evanescent field, nor are they aligned at the barrier. As depicted in (C), when flow is applied, the 
DNA molecules are dragged through the bilayer until they encounter the linear diffusion barrier, 
at which point they will align with respect to one another and the DIG labeled ends become 
anchored to the antibody coated pentagons. DNA located between the linear barriers and the 
pentagons passes through the nanochannels and goes to the next available linear barrier in the 
pattern.  
 
Figure 3-2. Nanofabrication and characterization of the DNA rack elements. Panel (A) 
shows an optical image of a single barrier set collected at 100X magnification and relevant 
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pattern dimensions are indicated. An AFM image of a rack pattern is show in (B) highlighting 
the height of the linear barriers and the pentagons, as well as the distance between these two 
barrier elements. An SEM image of another rack pattern with a single linear barrier and the 
arrayed pentagons is shown in (C), and details of the different barrier elements are shown in (D) 
and (E).  
 
Figure 3-3. Curtains of double-tethered DNA. Panel (A) shows a typical example of a single 
tethered curtain, in the absence (upper panel) and presence (lower panel) of buffer flow. Panels 
(B) and (C) show examples of double-tethered DNA curtains in the absence of any buffer flow, 
illustrating that the DNA molecules remain extended even in the absence of continual 
hydrodynamic force. The Cr barrier patterns in (B) were made by ebeam lithography and those in 
(C) were made by nanoimprint lithography. Panel (D) shows the relative anchoring efficiency of 
the second DNA end as a function of the separation distance between the linear barrier and the 
polygon array, revealing a peak tethering efficiency corresponding to 13 µm, which corresponds 
to ~80% extension of the λ-DNA relative to its full contour length (48,502 bp; ~16.5 µm). Panel 
(D) shows the percent of digoxigenin-labeled DNA that remains anchored after defined time 
intervals, revealing a half-life of 69-minutes.  
 
Figure 3-4. Defined orientation of the DNA molecules. Panel (A) shows a schematic diagram 
of the DNA substrate labeled at each end with either biotin or fluorescein, as indicated, and 
labeled at an internal position with digoxigenin (DIG). The internal DIG tag was located 14,711 
base pairs away from the biotinylated end of the DNA, and was labeled with an anti-DIG coated 
quantum dot (QD). Panel (B) shows a schematic representation of the expected location of the 
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fluorescent QD (magenta dots) if the DNA molecules (green lines) are in the expected 
orientations (upper panel), the incorrect orientation (lower panel), or randomly distributed 
between the two possible orientations (lower panel). Panel (C) shows an example of a double-
tethered DNA curtain labeled at the internal position with the anti-DIG coated QDs; the upper 
panel shows a black and white image, and the lower panel shows a pseudo-colored version of the 
same image (the DNA is green and the QDs are magenta). The patterns used in this image were 
made from Au (15-20 nm) with a thin (3-5 nm) Ti adhesion layer, and appear bright against a 
darker background. The location of each of the DNA bound QDs was determined by fitting the 
images to 2D Gaussian functions, as described(Prasad et al. 2007), and the position data were 
then plotted as a histogram in panel (D).  
 
Figure 3-5. Using DNA racks to visualized 1D protein diffusion. Panel (A) shows an example 
of a double-tethered DNA curtain bound by QD labeled Mlh1. The DNA is shown in green and 
the proteins are magenta. This image represents a single 100-millisecond image taken from a 1-
minute video (not shown). Panel (B) shows three representative kymograms (designated a, b, and 
c) made from individual DNA molecules from within Panel (A). Panel (C) shows examples of 
DNA molecules taken from panel (A) that broke during the course of DNA collection (numbered 
1, 2, and 3), demonstrating that both the DNA and the bound proteins diffuse rapidly away from 
the surface and out of the evanescent field, this confirming that the QD tagged proteins are not 
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DNA-binding proteins survey genomes for targets using facilitated diffusion, which 
typically includes a one-dimensional (1D) scanning component for sampling local regions. 
Eukaryotic proteins must accomplish this task while navigating through chromatin. Yet it is 
unknown whether nucleosomes disrupt 1D scanning, or whether eukaryotic DNA-binding factors 
can circumnavigate nucleosomes without falling off DNA. Here we use single-molecule 
microscopy in conjunction with nanofabricated curtains of DNA to show that the post-replicative 
mismatch repair (MMR) protein complex Mlh1-Pms1 diffuses in 1D along DNA via a 
hopping/stepping mechanism and readily bypasses nucleosomes. This is the first experimental 
demonstration that a passively diffusing protein can traverse stationary obstacles. In contrast, 
Msh2–Msh6, an MMR protein complex that slides while maintaining continuous contact with 
DNA, experiences a boundary upon encountering nucleosomes. These differences reveal 





Virtually all DNA-binding proteins must use some form of facilitated diffusion (e.g. 
hopping, jumping, sliding and/or intersegmental transfer) to scan the genome and locate targets 
(von Hippel & Berg 1989; Elf et al. 2007; Hager et al. 2009; Li et al. 2009). The advent of 
single-molecule imaging has led to a resurgence of interest in facilitated diffusion, and an 
emerging consensus agrees that many proteins can scan DNA via 1D-diffusion where the 
proteins undergo a random walk while moving laterally along the helix (Blainey et al. 2006; 
Gorski et al. 2006; Elf et al. 2007; Gorman & Greene 2008; Hager et al. 2009; Li et al. 2009). 
However, all of these studies have been limited to naked DNA substrates, which do not resemble 
the crowded environments that would be encountered in vivo, leaving the role of 1D-diffuion in 
question under physiologically relevant settings (Gorski et al. 2006; Hager et al. 2009; Li et al. 
2009). In eukaryotes, these processes must occur within the context of chromatin, which has the 
potential to hinder protein mobility (Kampmann 2005; Gorski et al. 2006; Hager et al. 2009; Li 
et al. 2009). Motor proteins, such as RNA polymerase and other DNA translocases, solve this 
problem by using the chemomechanical energy derived from nucleotide hydrolysis to push their 
way through nucleosome obstacles (Studitsky et al. 1995; Hodges et al. 2009). However, most 
DNA binding proteins, such as transcription factors or DNA-repair proteins, cannot 
mechanically disrupt nucleosomes, therefore other mechanisms must come into play if these 
proteins are to scan chromatin. Whether or not proteins can circumnavigate nucleosomes without 
dissociating from DNA remains an unresolved issue with direct bearing on how all eukaryotic 
DNA-binding proteins are trafficked throughout the nucleus (Kampmann 2005; Gorski et al. 
2006; Hager et al. 2009; Li et al. 2009). This problem led us to ask whether eukaryotic proteins 
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that diffuse in 1D along DNA could circumnavigate individual nucleosomes and travel along 
nucleosomal arrays, and if so, what mechanistic principles affect mobility along chromatin. 
We have chosen the S. cerevisiae MMR protein complexes Msh2–Msh6 and Mlh1–Pms1 
as model systems for studying the physical basis of facilitated diffusion. MMR is a ubiquitous 
repair pathway that corrects errors (mismatches and small insertion/deletion loops) left behind by 
the replication machinery (Kunkel & Erie 2005; Jiricny 2006; Modrich 2006). Defects in MMR 
lead to elevated mutation rates, are linked to hereditary nonpolyposis colon cancer (HNPCC), 
and are associated with many sporadic tumors (Modrich 2006). Msh2–Msh6 and Mlh1–Pms1 are 
DNA-binding proteins required for MMR. During MMR, Msh2–Msh6 must locate lesions and 
also helps identify nearby signals differentiating parental and nascent DNA strands, whereas 
Mlh1–Pms1 must locate lesion-bound Msh2–Msh6, and then coordinates downstream steps in 
the reaction. Although Msh2–Msh6 and Mlh1–Pms1 are both ATPases, neither uses ATP for 
generating chemomechanical force, rather nucleotide binding and hydrolysis are thought to serve 
as signaling mechanisms for coordinating the various stages of repair by regulating protein-
protein interactions in the case of Mlh1–Pms1 or protein-DNA interactions with Msh2–Msh6 
(Kunkel & Erie 2005; Jiricny 2006). These or closely related protein complexes are also 
involved in mitotic and meiotic recombination, triplet-repeat expansion, class-switch 
recombination, somatic hypermutation, and DNA-damage signaling checkpoints (Jiricny 2006). 
All known functions of Msh2–Msh6 and Mlh1–Pms1 require targeting to specific structures 
within the genome, and the later stages of the MMR reaction involved in strand discrimination 
are also thought to involve 1D movement along DNA (Kunkel & Erie 2005; Jiricny 2006; 
Modrich 2006), making these protein complexes good candidates as model systems for single-




MATERIALS AND METHODS  
Mlh1–Pms1 expression, purification, and characterization.  
Mlh1–Pms1 was expressed and purified using pMH1 (GAL1-MLH1-VMA-CBD, 2µ, 
TRP1) and pMH8 (GAL10-PMS1, 2µ, LEU2) vectors transformed into the S. cerevisiae strain 
BJ2168(Hall et al. 2001).  Mlh1–Pms1 complexes containing Flag, HA, and/or TEV tags were 
purified from BJ2168 containing the relevant pMH1 and pMH8 derivatives described in the 
Supplemental Information. All Mlh1–Pms1 constructs were functional for mismatch repair in 
vivo (Supplemental Information).  
 
Single-molecule imaging.  
The TIRFM system, particle tracking, and data analysis have been described(Gorman et 
al. 2007). Unless otherwise indicated, data were collected using DNA molecules anchored with 
nanofabricated patterns made by electron-beam lithography(Gorman et al. 2010). QDs were 
prepared using a protocol that yields 0.076±0.014 epitope-binding sites per QD (i.e. 
approximately 1 in 13 QDs has ½ of a functional IgG; Pathak et al. 2007). Assuming the 
conjugation reaction is a Poisson process, the probability of a QD having two or three epitope 
binding sites is P = 0.0027 and P = 7.02x10-5, respectively. Flag-tagged Mlh1–Pms1 (30-250 
nM) was mixed with 2-fold molar excess anti-Flag QDs in buffer containing 40 mM Tris-HCl 
[pH 7.7], 150 mM NaCl, ±1 mM MgCl2, 1 mM DTT, and 0.4 mg ml–1 BSA, and incubated for 
15-20 minutes on ice. Reactions were diluted 10-fold (3-25 nM Mlh1–Pms1) prior to injection. 
Crosslinking assays verified Mlh1–Pms1 did not dissociate to monomers under dilute conditions 
(not shown). TIRFM experiments were done using 40 mM Tris-HCl [pH 7.7], 150 mM NaCl 
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(unless otherwise indicated), ±1 mM MgCl2, 1 mM DTT, 0.4 mg ml–1 BSA, 140 mM β-
mercaptoethanol, ±1 mM nucleotide (ADP, ATP or ATPγS, as indicated). Labeled proteins were 
injected into the sample chamber, unbound proteins were quickly flushed away, and flow was 
terminated prior to data acquisition. YOYO1 (0.5 nM; Invitrogen) and an O2 scavenging system 
[glucose oxidase (34 units ml–1), catalase (520 units ml–1), and 1% glucose (w/v)] was included 
in reactions requiring fluorescent DNA. Bulk experiments verified that YOYO1 and the O2 
scavenging system did not affect Mlh1–Pms1 DNA binding activity (not shown). Recombinant 
histones were purified from E. coli, reconstituted into octamers, and deposited on the DNA as 
described (Visnapuu & Greene 2009).  
 
Full Methods and associated references are available in the Supplemental Information. 
 
RESULTS 
Experimental approach for visualizing protein-DNA interactions 
Using total internal reflection fluorescent microscopy (TIRFM) we have previously 
demonstrated that Msh2–Msh6 moves on DNA via a sliding mechanism consistent with a model 
where it tracks the phosphate backbone(Gorman et al. 2007). To determine whether Mlh1–Pms1 
also moves on DNA, the proteins (Fig. 4-1) were engineered with epitope tags (Flag and/or HA), 
and labeled with antibody-coupled quantum dots (QDs; Supplementary Information). Gel shift 
and nitrocellulose filter-binding assays confirmed labeling specificity, and demonstrated that 
labeling did not disrupt DNA binding activity (Fig. 4-2a-c, and Supplementary Information). For 
TIRFM, we used microfluidic devices with hybrid surfaces comprised of fluid lipid bilayers and 
nanofabricated metallic barrier patterns made by electron-beam lithography (Gorman et al. 
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2010). The DNA substrates (λ-DNA, 48,502 bp) were anchored by one end to the bilayer 
through a biotin-streptavidin linkage, and hydrodynamic force was then used to push the DNA 
and align it along the leading edges of nanofabricated barriers to lipid diffusion (Fig. 4-1a; 
Gorman et al. 2010). The second end of the DNA was then anchored to antibody-coated 
pentagons positioned downstream from the linear barriers (Fig. 4-1a; Gorman et al. 2010). This 
strategy yields “double-tethered” curtains of DNA in which the individual DNA molecules are 
suspended above a lipid bilayer and anchored by both ends such that they can be viewed across 
their entire contour length by TIRFM in the absence of a perturbing hydrodynamic flow (Fig. 4-
1b,c, Supplementary Fig. 4-1; Supplementary Methods).  
 
Mlh1–Pms1 binds and diffuses on DNA by a stepping or hopping mechanism 
When imaged by TIRFM, Mlh1–Pms1 co-localized with DNA (Fig. 4-1c), and ≥ 95% of 
the DNA-bound proteins moved rapidly back and forth along the DNA molecules (Fig. 4-1d; 
Supplementary Table 4-1). Two-color labeling experiments revealed that most (98.4%) of the 
complexes were single heterodimers under the conditions used for these experiments 
(Supplementary Information). Mlh1–Pms1 often remained bound to the DNA for several minutes 
without dissociating (Fig. 4-1c), consistent with bulk biochemical studies (Hall et al. 2001). 
Analysis of the motion revealed linear MSD plots, as expected for 1D-diffusion (Fig. 4-
3a)(Blainey et al. 2006; Gorman et al. 2007), yielding a mean diffusion coefficient of D1d = 
0.143 ± 0.29 µm2 sec–1 (N = 25) at 150 mM NaCl, 1 mM ATP and 1 mM MgCl2 (Fig. 4-3b). 1D-
diffusion was observed ±ADP, ATP, and ATPγS (Fig. 4-3b), and the differences in the diffusion 
coefficients measured under the different nucleotide conditions were statistically insignificant 
(student t-test, P ≥ 0.01). These results indicate that nucleotide binding and hydrolysis were 
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unnecessary for movement, consistent with the notion that nucleotide binding is primarily 
involved in promoting protein-protein interactions or structural rearrangements with little impact 
on DNA-binding (Kunkel & Erie 2005; Jiricny 2006; Sacho et al. 2008). 
Mlh1–Pms1 diffusion coefficients were an order of magnitude greater (student t-test, P < 
0.0001) than Msh2–Msh6 under physiological salt concentrations (0.143 ± 0.29 µm2 sec–1 vs. 
0.009 ± 0.011 µm2 sec–1 at 150 mM NaCl; Fig. 4-3b)(Gorman et al. 2007), suggesting the 
possibility that the two complexes might move via different mechanisms. Potential mechanisms 
for diffusive motion along DNA include hopping, jumping, sliding or intersegmental transfer. 
The structure of Mlh1–Pms1 (Fig. 4-1a; Guarné et al. 2001; Guarné et al. 2004; Kosinski et al. 
2005; Sacho et al. 2008) also suggested a possible “stepping” mechanism, which is virtually 
identical to hopping, with the N-terminal and/or C-terminal domains (NTD and CTD) acting as 
DNA-binding domains that independently hop while connected by flexible linkers. Jumping 
would yield punctate kymograms as a consequence of repeated dissociation and rebinding 
events, and cannot account for the continuous motion that predominated the diffusion 
trajectories; the stretched DNA configuration makes intersegmental transfer involving DNA-
looping unlikely; and the 38-fold increase (student t-test, P < 0.0001) in the diffusion coefficient 
measured over a range of salt concentrations argues against sliding (D1d = 0.026 ± 0.017 µm2 
sec–1 vs. 0.99 ± 0.411 µm2 sec–1, at 25 and 200 mM NaCl, respectively; Fig. 4-3c, and 
Supplementary Fig. 4-2), but is consistent with a hopping and/or stepping mechanism (see 
Supplementary Discussion; Blainey et al. 2006; Komazin-Meredith et al. 2008). In contrast to 
Mlh1–Pms1, we have previously shown that the diffusion coefficient of Msh2–Msh6 does not 
vary over the same range of NaCl concentrations (see supplementary Fig. 4-3a from ref. 14), 
which is most consistent with a sliding mechanism (Gorman et al. 2007). We conclude that while 
  
165 
Msh2–Msh6 and Mlh1–Pms1 both travel along DNA via 1D-diffusion, they do so using different 
mechanisms: Msh2–Msh6 slides while in continuous contact with the phosphate backbone, 
whereas Mlh1–Pms1 hops or steps as it moves back and forth along DNA.  
 
Mlh1–Pms1 exhibits properties consistent with ring-like architecture 
The Mlh1–Pms1 heterodimer is maintained through protein-protein interactions between 
the CTDs, and the NTDs and CTDs are separated by very long linker arms (Fig. 4-1a; Hall et al. 
2003; Sacho et al. 2008). It has been previously hypothesized that this structural organization 
allows Mlh1–Pms1 and related proteins to adopt a ring-like architecture, which would enable 
them to encircle DNA (Fig. 4-1a; Guarné et al. 2004). This type of topological binding 
mechanism makes several specific experimentally testable predictions, as follows: (i) 
dissociation from DNA should occur preferentially from the free ends of linear DNA molecules; 
(ii) protein dissociation should be prevented if the DNA ends are sterically occluded; (iii) 
dissociation should be less prevalent from internal positions; and (iv) an intact heterodimer 
would be necessary for stable DNA-binding activity and for end-dependent dissociation. We first 
asked whether Mlh1–Pms1 preferentially dissociated from DNA ends (Fig. 4-4a-d). When 
hydrodynamic force (~100 fN; Supplementary Information) was used to push Mlh1–Pms1, most 
complexes (>95%) did not dissociate upon encountering anchored (i.e. sterically blocked) DNA 
ends (Fig. 4-4a; Ndis/Ntot = 1/23 [dissociated/total pushed to DNA ends]), nor did Mlh1–Pms1 
dissociate from the apex of looped DNA (Fig. 4-4d; Ndis/Ntot = 0/4). In contrast, Mlh1–Pms1 
immediately dissociated from free ends of “single-tethered” DNA (Fig. 4-4b; Ndis/Ntot = 
880/1000), and from free ends of photo-chemically induced double-stranded breaks (DSB; Fig. 
4-4c,d; Ndis/Ntot = 14/14). Mlh1 alone can exist as monomers or dimers (Kd of 3.14 ± 0.19 µM), 
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but the Mlh1-NTDs do not self-associate (Hall et al. 2003). Mlh1 alone could bind DNA (Fig. 4-
4e), exhibiting a diffusion coefficient 6.9-fold greater (P < 0.0001) than Mlh1–Pms1 under the 
same conditions (D1d = 0.137 ± 0.127 µm2 sec–1, N = 25, vs. 0.020 ± 0.023 µm2 sec–1, N = 25, 
respectively, at 50 mM NaCl; Mlh1 binding was not detected at higher ionic strengths), 
indicating Pms1 was not essential for binding or diffusion. However, when flow was applied, 
Mlh1 moved rapidly down the DNA and > 80% dissociated from the anchored DNA ends (Fig. 
4-4e; Ndis/Ntot = 285/350); this finding was strikingly different from results with the intact 
heterodimer, indicating that the presence of Pms1 was necessary to observe end-dependent 
dissociation. Finally, we engineered TEV cleavage sites into the linker of Mlh1 and Pms1, and 
proteolytic cleavage of one or both linker arms abolished detectable DNA-binding activity 
(Supplementary Fig. 4-3), highlighting the importance of the linker arms for DNA-binding. We 
conclude that formation of an intact Mlh1–Pms1 heterodimer stabilizes the DNA-bound 
complex, and that the heterodimer preferentially dissociates from DNA ends. These experimental 
findings are all consistent with predictions for the previously proposed mechanism where Mlh1–
Pms1 can adopt a ring-like architecture that wraps around DNA, although we are careful note 
that we do not yet know structural details of the wrapped complex.  
 
Mlh1–Pms1 can bypass one another while traveling along DNA 
We have previously shown that Msh2–Msh6 complexes traveling on the same molecule 
cannot pass one another, arguing that the proteins maintain continuous close contact with the 
DNA, which is consistent with a sliding mechanism (Gorman et al. 2007). In contrast, two-color 
labeling experiments revealed that Mlh1–Pms1 complexes could bypass one another as they 
traveled along the same DNA molecule (Supplementary Fig. 4-4), which is only consistent with 
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a hopping/stepping mechanism wherein the individual hops or steps span distances comparable 
to or greater than the dimensions of the QD-tagged proteins. Closed ring-like architecture is 
difficult to reconcile with the observed protein bypass, and would require two Mlh1–Pms1 
complexes to thread through one another as they moved along the DNA. A threading mechanism 
specifically predicts that Mlh1–Pms1 would be unable to bypass obstacles larger than the 
internal diameter of the large central pore formed the protein complex. Alternatively, bypass 
could also be accomplished through transient ring opening, whereupon the proteins could step 
past one another in an open configuration. This type of open stepping mechanism predicts that 
Mlh1–Pms1 would be capable of bypassing obstacles larger than the internal diameter of the 
protein ring. Given the combined length of the Mlh1–Pms1 linker arms (51.7 ± 14.6 nm)(Sacho 
et al. 2008), the corresponding maximal diameter of the central pore would be 16.5 ± 4.6 nm in 
diameter, which is too small to accommodate passage of a QD (~20 nm dia.), ruling out a 
threading mechanism for obstacle bypass. We conclude that Mlh1–Pms1 most likely bypasses 
obstacles by stepping over them in an open ring configuration, implying that the protein is 
capable of transitioning back and forth between an open and closed conformation. 
 
Mlh1–Pms1 can traverse nucleosomes during 1D-diffusion 
The finding that Mlh1–Pms1 complexes could bypass one another suggested that these 
proteins might be able to undergo 1D-diffusion on crowded DNA substrates, similar to what 
would be found in an in vivo environment. Therefore we next asked whether MMR proteins 
could traverse nucleosomes, which are anticipated to be the most abundant obstacles encountered 
in eukaryotes. For these experiments unlabeled, recombinant nucleosomes were deposited onto 
the DNA substrates by salt dialysis at a ratio of either ~5–10 or ~80–100 nucleosomes per DNA 
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molecule (Visnapuu & Greene 2009). The Mlh1–Pms1 diffusion measurements were performed 
as described above, and the nucleosomes were then located by labeling with QDs after the 
diffusion measurements were completed (Supplementary Information). As shown in figure 4-5, 
Mlh1–Pms1 still diffused on nucleosome-bound DNA (D1d = 0.027 ± 0.021 µm2 sec–1, N = 26), 
and repeatedly bypassed unlabeled nucleosomes (~10 nm dia.), exhibiting no evident boundary 
effects upon colliding with single nucleosomes (Fig. 4-5a, upper panel; N > 1,000 Mlh1–Pms1 
complexes, each giving rise to multiple bypass events). Mlh1–Pms1 also moved freely along 
DNA bound by up to ~80–100 unlabeled nucleosomes (Fig. 4-5a, middle panel; D1d = 0.034 ± 
0.018 µm2 sec–1, N = 25), providing an unequivocal demonstration that nucleosomes do not 
prevent 1D-diffusion of Mlh1–Pms1. We conclude Mlh1–Pms1 can travel along a simple 
chromatin lattice by 1D-diffusion while bypassing protein obstacles at it travels along the DNA 
(Fig. 4-5c). As indicated above, for all of these experiments the nucleosomes were labeled only 
after making the diffusion measurements to ensure that the large QDs would not interfere with 
Mlh1–Pms1 movement. However, Mlh1–Pms1 could also bypass QD-labeled nucleosomes (N = 
63 Mlh1–Pms1 complexes, each yielding multiple bypass events), although in this case Mlh1–
Pms1 exhibited characteristics of bounded diffusion upon colliding with the QD-nucleosomes 
with the large QD-nucleosomes acting as semi-penetrable barriers (Fig. 4-5a, lower panel). 
Given the large diameter of the QD-nucleosome (≥30 nm) compared to the size of Mlh1–Pms1, 
we conclude that nucleosome bypass must occur via a stepping mechanism where the protein 
transiently adopts an open ring configuration. These results provide the first experimental 
demonstration that a protein undergoing 1D-diffusion can circumnavigate protein obstacles that 




Diffusion of Msh2–Msh6 is restricted by nucleosomes 
In striking contrast to Mlh1–Pms1, the movement of Msh2–Msh6 past unlabeled 
nucleosomes was highly restricted, exhibiting characteristics of bounded diffusion with 
nucleosomes acting as semi-penetrable barriers, and Msh2–Msh6 typically became trapped 
between nucleosomes (Fig. 4-5b, upper and middle panels). On higher-density nucleosome 
arrays (~80–100 nucleosomes per 48.5 kb DNA substrate) most molecules of Msh2–Msh6 were 
immobile or oscillated within tightly confined regions (N = 964/1000; Supplemental 
Information), and displayed little evidence of free 1D-diffusion within our detection limits (D1d ≤ 
1x10-4 µm2 sec–1). A small subpopulation of Msh2–Msh6 remained mobile on the high-density 
arrays (N = 36/1000; 3.6%), suggesting they were bound in an alternate conformation. In further 
contrast to Mlh1–Pms1, Msh2–Msh6 never bypassed QD-tagged nucleosomes (Fig. 4-5b, lower 
panel), indicating that large obstacles (≥30 nm dia.) present insurmountable barriers, which is 
fully consistent with expectations based on the structure of Msh2–Msh6, which wraps around 
DNA making intimate contacts with the phosphate backbone over nearly 1.5 turns of helix 
(Warren et al. 2007), and is also consistent with a continuous sliding mechanism that does not 
involve extensive hopping (Gorman et al. 2007). Rare nucleosome bypass by Msh2–Msh6 might 
occur through occasional hopping events, or through limited excursions into 2D-sliding where 
Msh2–Msh6 maintains contact with the DNA without tracking the helical pitch of the phosphate 
backbone (Fig. 4-5c; Kampmann 2005; Gorman & Greene 2008). In either case, the mechanism 
does not permit efficient mobility of Msh2–Msh6 along the higher density nucleosome arrays; 
this conclusion agrees with bulk biochemical studies showing that nucleosomes or other 
stationary obstacles can trap Msh2–Msh6 (or its homologs) on DNA (Gradia et al. 1999; 





Intranuclear trafficking of all DNA-binding proteins is governed by facilitated diffusion. 
Theoretical descriptions and bulk measurements of facilitated diffusion have long been reported 
in the literature beginning with the classical studies of lac repressor (Riggs et al. 1970; Berg et 
al. 1981; Winter et al. 1981; Winter & von Hippel 1981), and more recently with NMR 
experiments of transcription factors(Iwahara & Clore 2006; Iwahara et al. 2006; Doucleff & 
Clore 2008), but direct measurements of diffusion have only recently become possible through 
development of new single-molecule techniques (Blainey et al. 2006; Gorman et al. 2007; 
Gorman & Greene 2008; Liu et al. 2008; Tafvizi et al. 2008; Roy et al. 2009). Together these 
studies support an emerging consensus that many DNA-binding proteins can travel long 
distances along DNA by 1D-diffusion in vitro. However, the validity of this conclusion with 
respect to physiological settings remains unclear, despite years of experimental and theoretical 
efforts, specifically because it remains unknown whether or how 1D-diffusion can occur in the 
presence of nucleosomes and other nucleoprotein structures (von Hippel & Berg 1989; Halford 
& Szczelkun 2002; Kampmann 2005; Gorski et al. 2006; Hager et al. 2009; Li et al. 2009; Mirny 
et al. 2009). Here we sought to resolve this issue by using single-molecule imaging, 
nanofabricated curtains of “double tethered” DNA molecules, and MMR proteins as model 
systems for facilitated diffusion.  
We have demonstrated that both Msh2–Msh6 and Mlh1–Pms1 can diffuse in 1D along 
DNA, but do so using very different mechanisms. Mlh1–Pms1 hops or steps along the DNA, but 
Msh2–Msh6 moves predominantly by sliding along the DNA while remaining in continuous 
close contact with the phosphate backbone. The functional consequences of these mechanistic 
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differences are that Mlh1–Pms1 can readily traverse nucleosomes and travel along chromatin 
whereas Msh2–Msh6 cannot. These results provide an unambiguous demonstration that 1D-
diffusion can occur on crowded DNA substrates in the presence of protein obstacles, and that the 
ability to bypass obstacles is dependent upon the how the protein in question diffuses along 
DNA. We anticipate that these behaviors displayed by Mlh1–Pms1 and Msh2–Msh6 in response 
to collisions with nucleosomes will reflect general mechanistic attributes of their respective 
modes of 1D-diffusion, which in principle will apply to any proteins that diffuse on DNA (e.g. 
DNA repair proteins, transcription factors, etc.): proteins that track the phosphate backbone 
while sliding along DNA will experience a barrier upon encountering obstacles and must either 
disengage the DNA and enter a 2D- or 3D-mode of diffusion to continue searching for targets, or 
the DNA must be cleared of obstacles before hand to allow unhindered access to the DNA (see 
below); in contrast, proteins that do not track the backbone can traverse obstacles without 
experiencing boundary effects.  
The different modes of diffusion found for Msh2–Msh6 and Mlh1–Pms1 also impose 
specific constraints on the mechanisms of MMR. Msh2–Msh6 is the first to arrive at lesions, and 
helps identify nearby signals differentiating the parental and nascent DNA strands. Many models 
for strand discrimination invoke 1D-movement of Msh2–Msh6 along DNA, and even transient 
loss of contact with the DNA during this second phase of the reaction could compromise repair 
(Kunkel & Erie 2005; Jiricny 2006; Modrich 2006). Nucleosomes, or other DNA-binding 
proteins, have the potential to thwart Msh2–Msh6 and a single nucleosome deposited near a 
lesion could render it irreparable, suggesting regions in need of repair must be kept free from 
obstacles. Replication forks disrupt nucleosomes, leaving stretches of naked DNA in their wake 
(Groth et al. 2007). While speculative, if Msh2–Msh6 were restricted to the region behind the 
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fork, possibly through direct association with PCNA, then it would be free to scan newly 
replicated, naked DNA (Umar et al. 1996; Gorman et al. 2007; Kolodner et al. 2007). Mlh1–
Pms1 is thought to arrive later than Msh2–Msh6 (Kunkel & Erie 2005; Jiricny 2006), implying 
it must survey the entire genome for lesion-bound Msh2–Msh6 without the benefit of confined 
searches in regions already cleared by a replication fork. The ability of Mlh1–Pms1 to hop or 
step along DNA and freely traverse nucleosomes ensures it could efficiently bypass stationary 
obstacles while searching the genome for its binding targets. 
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FIGURE LEGENDS  
Figure 4-1. Nanofabricated racks of DNA for visualizing 1D-diffusion of Mlh1–Pms1. (a) 
Illustration of some predicted structures for Mlh1–Pms1 based on structural and biochemical 
data (Guarné et al. 2001; Guarné et al. 2004; Kosinski et al. 2005; Sacho et al. 2008). The 
NTDs, CTDs, central pore, and linker arms are indicated. (b) Diagram of the nanofabricated 
“rack” device used for making the double-tethered DNA curtains (Supplementary 
Material)(Gorman et al. 2010). The rack consists of linear barriers to lipid diffusion, which 
align the lipid-tethered DNA molecules, followed by an array of antibody-coated pentagons that 
provide immobile anchor points for the second end of the DNA. Pattern elements are ~20 nm 
tall, and the bilayer is ~5 nm thick. (c) YOYO1-stained λ-DNA curtains (green; 48,502 bps) with 
and without QD-tagged Mlh1–Pms1 (magenta) in the top and bottom panels respectively. DNA-
bound proteins were not detected in reactions using incorrect antibody-epitope pairs (not shown), 
and QDs alone did not bind DNA (not shown). (d) Kymograms illustrating the motion of Mlh1–
Pms1. The lower panel shows photo-cleavage  (arrowhead) of a DNA during data collection. The 
proteins disappear from view when the DNA breaks, demonstrating that the proteins and DNA 
are not adsorbed to the bilayer.  
 
Figure 4-2. DNA-binding activity of fluorescently tagged Mlh1–Pms1. (a) Gel mobility shifts 
were done as described in the Materials and Methods. Reactions contained 120 nM Mlh1–Pms1 
and 60 nM 5’32P-labeled 40-mer dsDNA. Antibodies were pre-incubated with Mlh1–Pms1, as 
indicated. (b) Nitrocellulose filter binding assays were performed with 100 pM 5’32P-labeled 3 
kb linear plasmid at the indicated concentrations of Mlh1–Pms1, and the percent bound DNA 
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was determined by dividing the background subtracted counts measured for each filter by the 
total amount of DNA in the reactions. (c) shows the effects of antibodies and antibody-labeled 
QDs on the binding activity of Mlh1–Pms1 (20 nM) as determined by the nitrocellulose filter-
binding assay. All data points are reported as mean ± s.d. 
 
Figure 4-3. Quantitative analysis of Mlh1–Pms1 diffusion. (a) Examples of MSD plots 
generated from tracking the motion of Mlh1–Pms1. (b) Diffusion coefficients derived from the 
MSD plots and categorized according into the different nucleotide conditions used for the 
measurements. Diamonds (♦) indicate the mean values, and the mean ± s.d. are color-coded 
(graph and inset; N≥25 for all reported diffusion coefficients). The cumulative diffusion 
coefficients for Mlh1–Pms1 and the previously measured values for Msh2–Msh6 are shown 
together for comparison (Gorman et al. 2007), and the upper boundaries for the theoretical 
diffusion coefficients based on models either with or without a rotational component are also 
shown (Gorman et al. 2007; Bagchi et al. 2008). (c) Diffusion coefficients for Mlh1–Pms1 
determined at different concentrations of NaCl.   
 
Figure 4-4. End-dependent dissociation of Mlh1–Pms1 from DNA. (a) Kymogram of Mlh1–
Pms1 (magenta) diffusing on a DNA molecule (unlabeled) anchored by both ends to the flowcell 
surface. Flow is cycled on and off as indicated. When flow is on Mlh1–Pms1 is pushed to the 
downstream anchored end of the DNA, but does not dissociate. (b) Kymograms of Mlh1–Pms1 
dissociating from the free blunt ends (generated by SfoI digest) of single-tethered DNA 
molecules. (c) Mlh1–Pms1 (magenta) was bound to DNA (green) stained with YOYO1 and 
pushed repeatedly to the end of the molecule (as indicated) to verify that it did not dissociate. A 
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DSB was introduced by laser illumination in the absence of flow. Upon breaking, the DNA 
retracts from the surface, as indicated by the sudden disappearance of the green signal. Flow was 
resumed to extend the broken DNA and push Mlh1–Pms1 towards the free end of the molecule. 
Mlh1–Pms1 immediately dissociates upon encountering the free DNA end (see inset). (d) Mlh1–
Pms1 was bound to a looped DNA molecule (panel i), and slid along the arc formed by the DNA 
until stopping at the loop apex (panel ii). The protein remained at the DNA apex (panels iii-iv), 
but continued sliding down the DNA upon induction of a DSB (panel v), and immediately 
dissociated upon reaching the newly generated free end (kymogram vi), leaving behind the naked 
DNA (panel vii). (e) Kymogram of Mlh1 bound to a double-tethered DNA molecule. In the 
absence of flow the proteins diffuse rapidly along the DNA, but when flow is applied they are 
pushed to the end of the DNA, and rapidly dissociate. Experiments in (a-e) were collected from 
isolated DNA molecules, as described(Gorman et al. 2007). The DNA in (a) and (b) was located 
with YOYO1, but the dye was removed prior to data acquisition to avoid unintentional photo-
cleavage, and the experiments were conducted at 150 mM NaCl. The experiments in (c, d and e) 
were conducted at 50 mM NaCl. In all cases, identical results were obtained ±1 mM ATP. 
 
Figure 4-5. Diffusion of Mlh1–Pms1 and Msh2–Msh6 along nucleosome-bound DNA. (a) 
Mlh1–Pms1 (magenta) is shown diffusing along a DNA bound by recombinant nucleosomes 
(green), and regions of overlapping signal are white. The nucleosomes were labeled with QDs 
either after conducting the Mlh1–Pms1 diffusion experiment (upper and middle panels), or 
before addition of Mlh1–Pms1 (lower panel). Examples of bypass and bounded diffusion are 
highlighted; identical results were obtained ±ATP. (b) Msh2–Msh6 (red) is shown diffusing on a 
DNA molecule with unlabeled nucleosomes (green), and regions of overlap appear yellow. The 
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upper and middle panels show results with unlabeled nucleosomes. The number designations 
(either 1 or 2) in the middle panel indicate number of QD-tagged Msh2–Msh6 molecules trapped 
in each region of the kymogram (6 total). The lower panel shows Msh2–Msh6 colliding with 
QD-labeled nucleosomes. See Supplemental Information for additional experimental details. (c) 
Illustrates how the structures of Mlh1–Pms1 (left) and Msh2–Msh6 (right) may influence 
nucleosomal encounters (Luger et al. 1997; Guarné et al. 2001; Guarné et al. 2004; Kosinski et 
al. 2005; Warren et al. 2007). The molecules are drawn to scale. The trajectory of the DNA 
leaving the nucleosome surface has been modified for illustrative purposes. Mlh1–Pms1 steps 
over the nucleosome (solid arrow). Nucleosome bypass by Msh2–Msh6 might occur by 
occasional hopping or 2D sliding (dashed arrows; Kampmann 2005), but neither mechanism 







Bagchi, B., P. C. Blainey, et al. (2008). "Diffusion Constant of a Nonspecifically Bound Protein 
Undergoing Curvilinear Motion along DNA." J Phys Chem B. 
  
Berg, O., R. Winter, et al. (1981). "Diffusion-driven mechanisms of protein translocation on 
nucleic acids. 1. Models and theory." Biochemistry 20(24): 6929 - 6948. 
  
Blainey, P. C., A. M. van Oijen, et al. (2006). "A base-excision DNA-repair protein finds 
intrahelical lesion bases by fast sliding in contact with DNA." Proc Natl Acad Sci U S A 
103(15): 5752-5757. 
  
Doucleff, M. and G. Clore (2008). "Global jumping and domain-specific intersegment transfer 
between DNA cognate sites of the multidomain transcription factor Oct-1." Proc Natl Acad Sci 
U S A 105(37): 13871 - 13876. 
  
Elf, J., G.-W. Li, et al. (2007). "Probing transcription factor dynamics at the single-molecule 
level in a living cell." Science 316: 1191-1194. 
  
Gorman, J., A. Chowdhury, et al. (2007). "Dynamic basis for one-dimensional DNA scanning by 




Gorman, J., T. Fazio, et al. (2010). "Nanofabricated racks of aligned and anchored DNA 
substrates for single-molecule imaging." Langmuir 26: 1372 - 1379. 
  
Gorman, J. and E. C. Greene (2008). "Visualizing one-dimensional diffusion of proteins along 
DNA." Nat Struct Mol Biol 15: 768-774. 
  
Gorski, S., M. Dundr, et al. (2006). "The road much traveled: trafficking in the cell nucleus." 
Curr Opin Cell Biol 18(3): 284 - 290. 
  
Gradia, S., D. Subramanian, et al. (1999). "hMSH2-hMSH6 forms a hydrolysis-independent 
sliding clamp on mismatched DNA." Mol Cell 3: 255-261. 
  
Groth, A., W. Rocha, et al. (2007). "Chromatin challenges during DNA replication and repair." 
Cell 128: 721-733. 
  
Guarné, A., M. Junop, et al. (2001). "Structure and function of the N-terminal 40 kDa fragment 
of human PMS2: a monomeric GHL ATPase." EMBO J 20(19): 5521 - 5531. 
  
Guarné, A., S. Ramon-Maiques, et al. (2004). "Structure of the MutL C-terminal domain: a 
model of intact MutL and its roles in mismatch repair." EMBO J 23(21): 4134 - 4145. 
  




Halford, S. and M. Szczelkun (2002). "How to get from A to B: strategies for analysing protein 
motion on DNA." Eur Biophys J 31(4): 257 - 267. 
  
Hall, M. C., P. V. Shcherbakova, et al. (2003). "DNA binding by yeast Mlh1 and Pms1: 
implications for DNA mismatch repair." Nuc Acids Res 31(8): 2025-2034. 
  
Hall, M. C., H. Wang, et al. (2001). "High affinity cooperative DNA binding by the yeast Mlh1-
Pms1 heterodimer." J Mol Biol 312: 637-647. 
  
Hodges, C., L. Bintu, et al. (2009). "Nucleosomal fluctuations govern the transcription dynamics 
of RNA polymerase II." Science 325(5940): 626 - 628. 
  
Iwahara, J. and G. Clore (2006). "Direct observation of enhanced translocation of a 
homeodomain between DNA cognate sites by NMR exchange spectroscopy." J Am Chem Soc 
128(2): 404 - 405. 
  
Iwahara, J., M. Zweckstetter, et al. (2006). "NMR structural and kinetic characterization of a 
homeodomain diffusing and hopping on nonspecific DNA." Proc Natl Acad Sci U S A 103(41): 
15062 - 15067. 
  





Kampmann, M. (2005). "Facilitated diffusion in chromatin lattices: mechanistic diversity and 
regulatory potential." Mol Micro 57(4): 889-899. 
  
Kolodner, R. D., M. L. Mendillo, et al. (2007). "Coupling distant sites in DNA during mismatch 
repair." Proc Natl Acad Sci  U S A 104(32): 12953-12954. 
  
Komazin-Meredith, G., R. Mirchev, et al. (2008). "Hopping of a processivity factor on DNA 
revealed by single-molecule assays of diffusion." Proc Natl Acad Sci USA 105(31): 10721-
10726. 
  
Kosinski, J., I. Steindorf, et al. (2005). "Analysis of the quaternary structure of the MutL C-
terminal domain. ." J Mol Biol 351: 895-909. 
  
Kunkel, T. A. and D. A. Erie (2005). "DNA mismatch repair." Annu Rev Biochem 74: 681 - 
710. 
  
Li, F., L. Tian, et al. (2009). "Evidence that nucleosomes inhibit mismatch repair in eukaryotic 
cells." J Biol Chem 284: 33056 - 33061. 
  
Li, G.-W., O. Berg, et al. (2009). "Effects of macromolecular crowding and DNA looping on 




Liu, S., E. Abbondanzieri, et al. (2008). "Slide into action: dynamic shuttling of HIV reverse 
transcriptase on nucleic acid substrates." Science 322(5904): 1092 - 1097. 
  
Luger, K., A. Mäder, et al. (1997). "Crystal structure of the nucleosome core particle at 2.8 A 
resolution." Nature 389(6648): 251 - 260. 
  
Mendillo, M. L., D. J. Mazur, et al. (2005). "Analysis of the interaction between the 
Saccharomyces cerevisiae MSH2-MSH6 and MLH1-PMS1 complexes with DNA using a 
reversible DNA end-blocking system." J Biol Chem 280(23): 22245 - 22257. 
  
Mirny, L., M. Slutsky, et al. (2009). "How a protein searches for its site on DNA: the mechanism 
of facilitated diffusion." J Physics A 42(43): 434013. 
  
Modrich, P. (2006). "Mechanisms in eukaryotic mismatch repair." J Biol Chem 281(41): 30305 - 
30309. 
  
Pathak, S., M. Davidson, et al. (2007). "Characterization of the functional binding properties of 
antibody conjugated quantum dots." Nano Letters 7: 1839-1845. 
  
Pluciennik, A. and P. Modrich (2007). "Protein roadblocks and helix discontinuities are barriers 




Riggs, A., S. Bourgeois, et al. (1970). "The lac repressor-operator interaction. 3. Kinetic studies." 
J Mol Biol 53(3): 401 - 417. 
  
Roy, R., A. Kozlov, et al. (2009). "SSB protein diffusion on single-stranded DNA stimulates 
RecA filament formation." Nature 461(7267): 1092 - 1097. 
  
Sacho, E. J., F. A. Kadyrov, et al. (2008). "Direct visualization of asymmetric adenine-
nucleotide-induced conformational changes in MutL alpha." Mol Cell 29(1): 112 - 121. 
  
Studitsky, V., D. Clark, et al. (1995). "Overcoming a nucleosomal barrier to transcription." Cell 
83(1): 19 - 27. 
  
Tafvizi, A., F. Huang, et al. (2008). "Tumor suppressor p53 slides on DNA with low friction and 
high stability." Biophys J 95(1): L01 - 03. 
  
Umar, A., A. Buermeyer, et al. (1996). "Requirement for PCNA in DNA mismatch repair at a 
step preceding DNA resynthesis." Cell 87(1): 65 - 73. 
  
Visnapuu, M.-L. and E. Greene (2009). "Single-molecule imaging of DNA curtains reveals 
intrinsic energy landscapes for nucleosome deposition." Nat Struct Mol Biol 16: 1056-1062. 
  
Von Hippel, P. and O. Berg (1989). "Facilitated target location in biological systems." J Biol 




Warren, J. J., T. J. Pohlhaus, et al. (2007). "Structure of the human MutSalpha DNA lesion 
recognition complex." Mol Cell 26(4): 579 - 592. 
  
Winter, R., O. Berg, et al. (1981). "Diffusion-driven mechanisms of protein translocation on 
nucleic acids. 3. The Escherichia coli lac repressor--operator interaction: kinetic measurements 
and conclusions." Biochemistry 20(24): 6961 - 6977. 
  
Winter, R. and P. von Hippel (1981). "Diffusion-driven mechanisms of protein translocation on 
nucleic acids. 2. The Escherichia coli repressor--operator interaction: equilibrium 


































Mechanisms of facilitated diffusion and effects of salt.  
Proteins that hop cycle rapidly between a free and a bound state, and increasing ionic 
strength increases the lifetime of unbound intermediate while decreasing the lifetime of the 
bound intermediate, hence increasing the overall observed rate of travel (Berg et al., 
Biochemistry, 1981; Blainey et al., PNAS, 2006; Kochaniak, et al., J. Biol. Chem., 2008; 
Komazin-Meredith, et al., PNAS, 2008). Stepping can be considered virtually identical to 
hopping, with the exception that at least two separate parts of the protein must cycle between 
free and bound states (i.e. hop). The effect of salt on a stepping process would be similar to that 
which is observed for a simpler hopping mechanism and would lead to an apparent overall 
increase in the rate of travel along the DNA. It is important to note that different forms of 
facilitated diffusion are not mutually exclusive, and bound states that exist during a 
hopping/stepping mechanism may in fact slide on DNA (Givaty & Levy, J. Mol. Biol., 2009). 
Jumping is distinct from hopping/stepping, in that it is an uncorrelated search involving a free 3D 
diffusion component enabling the protein to move long distances between each independent 
jumping event (von Hippel & Berg, J. Biol. Chem. 1989). Similar to hopping/stepping, jumping 
frequency would also increase at higher ionic strengths, which in the case of jumping would lead 
to increased dissociation of the protein from the DNA, and single-molecule experiments done in 
the presence of buffer flow induce dissociation of jumping proteins, as the free state is readily 
pushed away from the DNA and irretrievably lost to solution. We do not completely rule out the 
possibility that occasional jumping could contribute to Mlh1-Pms1 movement. However, in a 
single-molecule assay, jumping would appear as the sudden disappearance of a protein followed 
by its near immediate reappearance at a distant location or even on a different DNA molecule 
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(Bonnet et al., Nucleic Acids Res. 2008). The vast majority of the diffusion trajectories observed 
for Mlh1-Pms1 involved continuous 1D motion along the DNA, which is only consistent with a 
correlated scanning mechanism (i.e. sliding and/or hopping/stepping), but inconsistent with 
extensive jumping. Moreover, extensive jumping is inconsistent with the end-dependent DNA 
dissociation observed for Mlh1-Pms1 and the wrapped DNA-binding topology that we propose 
as an explanation for the end-dependent dissociation.  
 
Supplemental Methods 
Mlh1-Pms1 cloning and characterization.  
Plasmids containing tagged MLH1 under the native MLH1 promoter were created by 
overlap-extension PCR as derivatives of pEAA213 (Heck et al. 2006): pEAA373 contains a 
Flag-tag (underlined) flanked on either side by three alanines (AAADYKDDDKAAA) and 
inserted immediately after amino acid 448T of MLH1; pEAA516 contains a TEV site 
(underlined) flanked on either side by three alanines (AAAENLYFQSAAA) inserted 
immediately after amino acid 448T and the Flag-tag inserted immediately after amino acid 499Y 
of MLH1. For expression, the tagged MLH1 constructs were sub-cloned into pMH1 (a generous 
gift from Dr. Tom Kunkel (NIEHS), and purified as described (Hall and Kunkel, 2001). Sub-
cloning from pEAA373 and pEAA516 into pMH1 created pEAE267 and pEAE295, respectively. 
For tagged PMS1, pEAE296 was created as a derivative of pMH8 (gift from Dr. Tom Kunkel, 
NIEHS) by overlap-extension PCR and included a HA-tag (underlined) flanked by three alanine 
residues (AAAYPYDVPDYAAAA) inserted after amino acid D565 of PMS1. For 
complementation, the epitope-tag from pEAE296 was sub-cloned into pEAA238 (Heck et al., 
2006), which has PMS1 under its native promoter, and then cloned into pEAA248, which is the 
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same as pEAA238 but contains the URA3 selectable marker, to create pEAA517. All clones were 
sequenced (Cornell BioResource Center), and additional details on vector construction will be 
provided upon request. 
MLH1 constructs were tested in vivo for the mlh1∆ mutator phenotype in ARS-CEN 
LEU2 vectors containing MLH1 expressed from its native promoter. The HA-tagged PMS1 was 
tested in vivo for the pms1∆ mutator phenotype (Heck et al., 2006). To test complementation, the 
semiquantitative canavanine resistance assay was used to measure mutation rates in the S288c 
strains EAY874 (MATα, leu2-3,112, trp1-289, ura3::argD, cyhS, mlh1Δ::KanMX4) and 
EAY1087 (MATa, ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2Δ202, pms1Δ::KanMX4). EAY874 
strains containing pRS415 (mutant control), pEAA213 (wild-type control) or pEAA373, 
pEAA515 and pEAA516 (epitope-tagged MLH1) were streaked on leucine dropout plates to 
obtain single colonies. EAY310 strains containing pRS416 (mutant control), pEAA248 (wild-
type control) and pEAA517 (HA-PMS1) were streaked onto uracil dropout plates to obtain single 
colonies. 35 independent colonies from each strain were patched onto appropriate dropout plates 
containing L-canavanine (60 mg L-1) and incubated for 3 days at 30˚C. The number of 
canavanine-resistant papillations in each patch was counted and the median number for each 
strain was used for comparison. All tested derivatives of MLH1 and PMS1 conferred mutation 
frequencies indistinguishable from wild-type in contrast to the 10-fold higher frequency found in 
the corresponding null strains carrying an empty vector. 
 
Ensemble characterization of Mlh-Pms1 DNA-binding activity.  
Protein concentrations were determined by Bradford assay using BSA as a standard. Gel 
mobility shift assays with oligonucleotide substrates were performed as described  (Kijas et al., 
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2003). Binding reactions were performed at room temperature (RT) for 5 minutes in 15 µl 
reactions containing 60 nM (5’-32P)-end labeled 40 bp substrate, 120 nM Mlh1-Pms1, 25 mM 
Hepes [pH, 7.6], 40 µg ml-1 BSA, 1 mM DTT, 50 mM NaCl, and 8% (w/v) sucrose. In super-
shift experiments, either 0.65 µg of Flag antibody (Sigma Cat. No. F3165) or 3.25 µg of HA 
antibody (Sigma Cat. No. H3663) were pre-incubated with Mlh1-Pms1 on ice for 30 min prior to 
the addition of DNA substrates. Samples were loaded on 4% (w/v) non-denaturing 
polyacrylamide gels containing 0.5X TBE and electrophoresed at 130 V for 1 hour at RT. Gels 
were dried on 3MM Whatman paper and visualized by PhosphorImaging. Analysis was done 
using ImageJ. The 40 bp substrate was created by annealing S1 (5’dACC GAA TTC TGA CTT 
GCT AGG ACA TCT TTG CCC ACG TTG A) and S2 (5’dTCA ACG TGG GCA AAG ATG 
TCC TAG CAA GTC AGA ATT CGG T) (Integrated DNA Technologies; Surtees and Alani, 
2006). 
Nitrocellulose filter binding assays were performed as described (Chi and Kolodner, 
1994).  Briefly, nitrocellulose filters (BA85, 0.45 µm, 25 mm, Whatman Schleicher & Schuell) 
were pre-soaked in 0.5 M KOH for 20 minutes, rinsed thoroughly with sterile deionized distilled 
water, washed once with reaction buffer (25 mM Hepes [pH 7.6], 0.01 mM EDTA) and stored in 
same buffer prior to use. The 3 kb plasmid (pEAO242) was linearized with NcoI followed by 
treatment with calf intestinal phosphatase (CIP; New England Biolabs). CIP-treated DNA was 
purified (QIAquick; Qiagen) and end-labeled with T4 polynucleotide kinase and [γ-32P]ATP, 
followed by heat inactivation and removal of unincorporated nucleotides, as described by the 
manufacturer (New England Biolabs). Binding reactions (30 µl) were performed in buffer 
supplemented with 1 mM DTT and 40 µg ml-1 BSA without EDTA, and included 100 pM of 
5’32P-labeled 3 kb linear plasmid. Mlh1-Pms1 was incubated with 40 nM IgG or IgG coupled 
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QDs (as indicated) on ice for 30 minutes. Binding reactions were incubated at RT for 10 minutes, 
and filtration was performed on a Hoefer filter manifold (FH225V, Hoefer Scientific). Binding 
reactions were added to 2.5 ml of ice-cold reaction buffer overlaying nitrocellulose filters and 
passed through with a flow rate of ~2.5 ml min-1. Dried filters were placed in 5 ml of Ecoscint 
scintillant (National Diagnostics) and the bound radioactivity measured in a Beckman LS 5000 
scintillation counter. Background was determined in reactions without protein and was typically 
around 1-5% of total radioactivity. Percent DNA binding was determined by dividing the 
background subtracted count for each filter by the total radioactivity per reaction.  
 
TEV cleavage assays.  
3 µg of Mlh1-Pms1 was incubated with 0.03 µg of TEV protease in 15 µl reactions 
containing 25 mM Hepes [pH 7.6], 1 mM DTT, and 40 µg ml-1 BSA. TEV protease was a 
generous gift from Dr. Ailong Ke (Cornell). TEV cleaved proteins were assayed for DNA 
binding activity using gel shift assays, as described above (Fig. 4-S5). To confirm TEV cleavage, 
samples were incubated at 30˚C for 30 minutes, after which 7.5 µl of 3X SDS-loading buffer 
(0.195 M Tris [pH 6.8], 30% glycerol, 3% β-mercaptoethanol, 6% SDS) was added to each and 
samples were boiled for 3 minutes. Samples were analyzed by 10% SDS-PAGE and stained with 
Coomassie blue (see Fig. 4-2c and Fig. 4-S5).   
 
Construction of DNA substrates for TIRFM.  
DNA substrates were made by ligating oligonucleotides to the 12-nucleotide overhangs at 
the end of the λ-DNA. Oligonucleotides were purchased from Operon Technologies and gel 
purified prior to use. Ligation mixes (1 ml total volume) contained 4 nM λ-DNA (Invitrogen), 1 
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µM biotinylated oligonucleotiode (5’-pAGGT CGCCGCCC[BioTEG]-3’), 1 µM DIG 
(digoxigenin) or FITC (fluorescein isothiocyanate) labeled oligonucleotide (5’-pGGG CGG 
CGA CCT[DIG]-3’ or 5’-pGGG CGG CGA CCT[FITC]-3’), and 1X ligase buffer (New 
England Biolabs). The reaction mix was warmed to 65˚C for 10 minutes and then cooled slowly 
to RT. After cooling, ligase was added (T4 DNA ligase (400 units µl-1) or Taq ligase (40 units µl-
1; New England Biolabs) and the mixture was incubated overnight at 42˚C. Reactions performed 
with T4 ligase were heat inactivated at 65˚C for 10 minutes, and ligated DNA products were 
purified over a Sephacryl S200HR column (GE Healthcare) run in 10 mM Tris-HCl [pH 7.8], 1 
mM EDTA, plus 150 mM NaCl. Purified DNA was stored at –20˚C.  
 
Quantum Dots.  
QDs were prepared by following the manufacturer's recommended protocol, as described 
in Gorman et al., 2007 and Pathak et al., 2007  (Qdot® 585 Antibody Conjugation Kit, Cat. No. 
Q22011MP, and Qdot® 705 Antibody Conjugation Kit, Cat. No. Q22061MP; Invitrogen). In 
brief, QDs (4 µM) were activated with 1 mM SMCC (succinimidyl 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate) for 1 hour at RT, yielding maleimide functional 
groups on the QD surface. Antibodies (1 mg ml-1 in PBS; Sigma Cat. No. H3663 and F3165, for 
anti-HA and anti-Flag, respectively) were reduced with 20 mM DTT for 30 minutes at RT, 
which cleaves disulfide bonds between heavy chains generating free thiols that can be coupled 
the maleimide-QDs. Reduced IgG was purified on a NAP-5 column and then mixed with the 
maleimide activated QDs for 1 hour at RT. Reactions were quenched with 100 µM β-
mercaptoethanol for 30 minutes at RT, and the resulting antibody-QD conjugates were purified 
over a Superdex 200 10/300 GL gel filtration column (GE Healthcare) run in PBS to remove 
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unreacted IgG. Purified conjugates were stored in PBS [pH 7.4] plus 0.1 mg ml-1 acetylated BSA 
at 4˚C.  
Individual QDs blink and this well-known phenomenon enables one to distinguish single 
vs. multiple QDs (M. Dahan et al., Science, 2003; J. Yao et al., PNAS, 2005; Q. Zhang et al., 
Science, 2009). In our experiments a non-blinking QD signal could arise from either QD 
aggregation or protein aggregation, therefore any QDs that did not blink were discarded from 
analysis, ensuring all reported data arose from single fluorescent molecules. Apparent 
differences in signal intensities within the kymograms can arise from several sources, including: 
normal variations in QD fluorescence; variations in QDs blinking frequency; stationary QDs are 
brighter because their signal is confined to a fixed location during frame acquisition; nonblinking 
signals are brighter because they arise from multiple QDs; and some faint signals in the 
kymograms arise from “bleed-through” of signal from QD-proteins bound to an adjacent DNA in 
the curtain. These variations are expected, and we have confined our analysis and calculations to 
blinking QDs to ensure we are monitoring single fluorescent molecules.  
 
Two-color labeling to assess the oligomeric state of Mlh1-Pms1.  
Two-color QD labeling experiments (as described in S.L. Reck-Peterson et al., Cell, 
2006) were used to assess whether the Mlh1-Pms1 complexes under investigation were 
consistent with single heterodimers or higher order oligomers. In brief, we premixed equimolar 
amounts of anti-Flag green QDs (Qdot® 585) and anti-Flag magenta QDs (Qdot® 705), and then 
used this two-color mixture to label Mlh1(Flag)-Pms1. Heterodimeric Mlh1(Flag)-Pms1 contains 
just one Flag epitope, and therefore could only be labeled with one QD (either green OR 
magenta, but not both). Whereas higher order oligomers would contain multiple Flag tags (the 
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exact number of Flag tags would scale in proportion to the number of Mlh1-Pms1 subunits 
within the oligomer) and therefore could be labeled with two or more QDs, leading to 
colocalization of both green and magenta QDs. These two-color colocalization experiments 
revealed that 94.8% (N=1,254/1,323) of the proteins were either only green or only magenta, 
arguing that most Mlh1-Pms1 complexes contained only a single Flag epitope. This result is 
consistent with a heterodimeric Mlh1-Pms1 complex, but inconsistent with the formation of 
larger Mlh1-Pms1 oligomers at the low protein concentrations used for our diffusion 
experiments.  
 
Double-tethered DNA Curtains.  
A complete description of the double-tethered DNA curtains can be found in Gorman et 
al., 2010. Fused silica slides (G. Finkenbeiner, Inc.) were cleaned in NanoStrip solution 
(CyanTek Corp, Fremont, CA) for 20 minutes, rinsed with acetone and isopropanol and dried 
with N2. Slides were spin-coated with a bilayer of polymethylmethacrylate (PMMA; 25K and 
495K; MicroChem, Newton, MA), followed by a layer of Aquasave (Mitsubishi Rayon). Patterns 
were written with a FEI Sirion scanning electron microscope (J. C. Nabity, Inc., Bozeman, MT). 
Aquasave was removed with deionized water and resist was developed using isopropanol:methyl 
isobutyl ketone (3:1) for 1 minute with ultrasonic agitation at 5°C. The substrate was rinsed in 
isopropanol and dried with N2. Barriers were made with a 15-20 nm layer of chromium (Cr), and 
following liftoff, samples were rinsed with acetone and dried with N2, as described (Gorman, et 
al., 2010).  
Inlet and outlet ports were made by boring through the slide with a precision drill press 
equipped with a diamond-tipped bit (1.4 mm O.D.; Kassoy). The slides were cleaned by 
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successive immersion in 2% (v/v) Hellmanex, 1 M NaOH, and 100% MeOH. Slides were rinsed 
with MilliQ™ between each wash and stored in 100% MeOH until use. Prior to assembly, slides 
were dried under a stream of nitrogen and baked in a vacuum oven for at least 1 hour. A sample 
chamber was prepared from a borosilicate glass coverslip (Fisher Scientific) and double-sided 
tape (~100 µm thick, 3M). Ports (Upchurch Scientific) were attached with hot-melt adhesive 
(SureBonder glue sticks, FPC Corp.). The total volume of the sample chambers was ~13 µl. A 
syringe pump (Kd Scientific) and actuated injection valves (Upchurch Scientific) were used to 
control sample delivery. The flowcell and prism were mounted in a custom-built heater with 
computer-controlled feedback regulation.  
Lipids were purchased from Avanti Polar Lipids and liposomes were prepared as 
previously described (Gorman et al., 2010). In brief, a mixture of DOPC (1,2-dioleoyl-sn-
glycero-phosphocholine), 0.5% biotinylated-DPPE (1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl)), and 8% mPEG 550-DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-550]). The mPEG prevented 
nonspecific adsorption of QDs. Liposomes were applied to the sample chamber for 15 minutes. 
Excess liposomes were removed with buffer containing 10 mM Tris-HCl [pH 7.8] and 100 mM 
NaCl. The flowcell was then rinsed with the same buffer and incubated for 30 minutes. 30 µg ml-
1 anti-DIG Fab (Roche Cat. No. 1214667001) or anti-FITC (Invitrogen Cat. No. 71-1900) was 
injected into the chamber and incubated for 20 minutes. The sample chamber was then flushed 
with buffer A (40 mM Tris-HCl [pH 7.8], 1 mM DTT, and 1 mM MgCl2) plus and 0.2 mg ml-1 
BSA for 5 minutes. Streptavidin (0.02 mg ml-1) in buffer A was injected into the sample chamber 
and incubated for 20 minutes. After rinsing with additional buffer A plus 0.2 mg ml-1 BSA, λ-
DNA (15-20 pM) labeled at one end with biotin and at the other end with DIG or FITC and pre-
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stained with 0.5 nM YOYO1 was injected into the chamber, incubated for 10 minutes, and 
unbound DNA was removed by flushing with buffer at 0.1 ml min-1. Application of flow aligned 
the DNA molecules along the diffusion barriers, and stretched the molecules so the free ends 
could attach to the pentagons.  
 
Using hydrodynamic force to push proteins.  
All experiments where proteins were pushed along DNA by hydrodynamic force were 
done at a flow rate of 0.5 ml min-1. When considering flow through a channel in which the height 
(
€ 
h) is much less than the width (
€ 
w), one can use the Navier-Stokes equations to determine the 
flow profile 
€ 
v(y)  obtained when a pressure difference is applied between the two ends of the 
channel. In this case the top and bottom surfaces of the flowcell chamber create a drag on the 
buffer that results in a parabolic flow where the velocity of the buffer at a distance
€ 
y  from the 
surface can be described by the equation: 
 
€ 





vm  is the maximum velocity in the middle of the channel (Berg 1993). The maximum 
velocity can be determined by reasoning that the volume of total fluid passing through the 
channel per unit of time equals:  
 
€ 
w v(y)∂y = 230
h




With the velocity obtained from the above equations the force acting upon a molecule can then 
be determined by Stokes law which states that to move a molecule of radius 
€ 
a  at a velocity of 
€ 
vd  
in buffer of a viscosity 
€ 
η the force required is equal to:  
 
€ 
F = 6πηavd . 
 
We approximated the distance
€ 
y  from the surface to be 100 nm and the radius of the protein-QD 
complex to be 13 nm. The height of a typical channel was measured to be 100 µm and the width 
of the channel was measured to be 4,500 µm. The resulting calculated force applied to a protein-
QD complex at a buffer flow of 0.5 ml min-1 is approximately 25 fN. At 200 nm from the surface 
this theoretical value increases to approximately 50 fN.  
We then determined the force acting on a complex experimentally and compared these 
experimental results to the above theoretical calculations. The drift velocity of a particle is equal 
to the force exerted on that molecule (
€ 
F ) divided by the drag coefficient of the molecule 
(
€ 
f )(Berg 1993): 
 
€ 
vd = Ff  
 
The diffusion coefficient (
€ 
D) of a molecule is also determined by this drag coefficient: 
 
€ 




We were therefore able to calculate the force applied to a single Mlh1-QD complex on DNA by 
first determining its diffusion coefficient and subsequently pushing the molecule with buffer 
flow and tracking the movement to determine its drift velocity. Using these values we 
determined the actual force on the molecule to be 100 fN, which is in close agreement to the 
theoretical values calculated above. Importantly, this experimental method implicitly includes 
the drag components from the hydrodynamic radius of the complex as well as the protein DNA 
interaction, without needing to determine these components directly, and also makes no 
assumptions regarding the distance of the protein from the surface.  
  
Experiments with chromatin substrates.  
 Nucleosomes were prepared as described (Visnapuu & Greene, 2009). Histones (H2A, 
Flag-H2B, H3, and H4) were expressed in E. coli, purified from inclusion bodies and 
reconstituted as described (Wittmeyer et al., 2004). In brief, inclusion bodies were resuspended 
in unfolding buffer (7 M guanidinium-HCl, 1 M NaCl, 50 mM Tris-HCl [pH 7.8], 1 mM EDTA, 
1 mM DTT), dialyzed against urea buffer (7 M urea, 1 M NaCl, 10 mM Tris-HCl [pH 7.8], 1 
mM EDTA, 5 mM β-mercaptoethanol), then loaded onto tandem HiTrap Q and SP columns (GE 
Healthcare). Histones were eluted from the SP column with a 100-400 mM NaCl gradient for 
H2A and Flag-H2B and a 200-500 mM NaCl gradient for H3 and H4. Purified histones were 
dialysed against 10 mM Tris-HCl [pH 7.8] plus 5 mM β-mercaptoethanol, followed by 10 mM 
Tris-HCl [pH 7.8], then lyophilized and stored at –20˚C. Lyophilized histones were unfolded in 
7M guanidinium-HCl, 1 M NaCl, 50 mM Tris-HCl [pH 7.8] plus 10 mM DTT, combined at 
equimolar ratios, and dialyzed into 2 M NaCl, 20 mM Tris-HCl [pH 7.8], 1 mM EDTA, 5 mM β-
mercaptoethanol with several buffer changes over 48 hours. Reconstituted octamers were 
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purified by gel filtration and deposited onto DNA by salt dialysis (Luger et al., 1999, Thästrôm 
et al., 2004).  
 The Flag-tagged nucleosomes were labeled with 0.5 nM QDs (QD 585, Invitrogen) 
conjugated to anti-Flag antibodies (Sigma). Nucleosome labeling was done in situ as described 
(Visnapuu & Greene, 2009), either before or after the injection of Mlh1-Pms1, as indicated (see 
Fig. 4-4). For experiments with unlabeled nucleosomes, we first conducted the diffusion 
experiment using QD-Mlh1-Pms1 (QD 705, Invitrogen), in buffer containing 40 mM Tris-HCl 
[pH 7.7], 150 mM NaCl, ±1 mM ATP, 0 mM Mg2+, 1 mM DTT, and 0.4 mg ml-1 BSA. Mg2+ 
induces condensation of the chromatin substrates by promoting nucleosome-nucleosome 
interactions (M.-L.V. and J.G., unpublished), and for this reason was omitted from the diffusion 
experiments. Mlh1-Pms1 was then flushed from the chamber with 300 mM NaCl (which does 
not disrupt the nucleosomes; M-L.V and E.C.G, unpublished, Burton et al., 1978, and Park et al., 
2004) and the nucleosomes were then located by labeling with QDs (QD 705, Invitrogen). The 
QD signal from the labeled nucleosomes was then pseudocolored and superimposed on the 
kymograms of Mlh1-Pms1 diffusion (see Fig. 4-4a, b, upper and middle panels). For reactions 
with labeled nucleosomes, the nucleosomes were labeled in situ with anti-Flag QDs (QD 585, 
Invitrogen), then QD-Mlh1-Pms1 (QD 705, Invitrogen) was injected into the sample chamber 
and the signal from the different colored QDs was collected concurrently; signal gaps in the real 
time data correspond to QD blinking (see Fig. 4-4a, b, lower panels). 
 The chromatin diffusion experiments with Msh2-Msh6 were conducted essentially the 
same as with Mlh1-Pms1, in buffer containing 40 mM Tris-HCl [pH 7.7], 50 mM NaCl, 1 mM 
ADP, 1 mM DTT, and 0.4 mg ml-1 BSA. ATP was omitted to prevent ATP-triggered protein 
dissociation, and the salt concentration was kept at 50 mM NaCl to increase the half-life of the 
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bound state in order to evaluate whether it was able to pass nucleosomes (Gorman et al., 2007). 
Under identical reaction conditions, in the absence of nucleosomes, many molecules (48%, 
N=380) of Msh2-Msh6 reversibly enter a nondiffusive state (immobile) thought to mimic a 
pseudo-damage recognition complex, and the remaining Msh2-Msh6 complexes remain mobile 
(52%, N=412; Gorman et al., 2007). In the presence of high-density nucleosomes (~80-100 
nucleosomes per DNA molecule), the fraction of immobile molecules increases from 48% to 
96.4%, and we attribute this increase to Msh2-Msh6 molecules that are now trapped between 
nucleosomes and incapable of diffusing on DNA.  
 
Data analysis.  
All diffusion coefficients represent the mean ± standard deviation of ≥25 particle tracking 
measurements and were calculated from MSD plots as described in Gorman et al., 2007. Traces 
were used to calculate diffusion coefficients only if the QDs could be tracked over ≥250 
consecutive frames (50 seconds), only QDs that blinked were used for tracking (verifying they 
were single QDs), and traces were excluded if collisions between two or more proteins prevented 
accurate tracking. We can calculate diffusion coefficients using fewer than 250 consecutive 
frames, but the variance and error in the resulting data begins to increase significantly (not 
shown). Trajectories where the proteins approached to within 500-nm of one another were also 
excluded from the diffusion coefficient calculations as a quality control measure because error in 
the tracking algorithm increases below this distance. Two closely approaching QDs can be 
optically resolved from one another at distances >10 nm (Lacoste et al., PNAS, 2000; Lagerholm 
et al., Biophysics J., 2006), but as indicated above, as a quality control measure we excluded any 
traces where proteins approached to within 500 nm of one another to ensure uniform accuracy in 
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the particle tracking data.  
Diffusion coefficients were calculated from the tracking data as previously described 
(Gorman et al., Mol. Cell, 2006). In brief, the movement of each protein complex in the y-
direction (parallel to the long axis of the DNA) was then analyzed to calculate the mean squared 
displacement (MSD) using: 
 
€ 







nΔT  = 10% of the total diffusion time (to minimize errors due to sampling size) (Qian, et 
al, 1991). Using the MSD information, the diffusion coefficient for each protein complex was 
calculated by:  
 
€ 




D(t)  is the diffusion coefficient for time interval 
€ 
t  (Qian, et al., 1991; Berg, 1993). For the 
linear MSD traces, the diffusion coefficients were calculated from direct fits to the entire plot. 
For nonlinear MSD plots the diffusion coefficients were estimated from the initial slope of the 
curve and this slope is not appreciably affected by nondiffusive behavior or bounded diffusion 
(Kusimi et al., 1993; Saxton and Jacobson, 1997). The 1D-diffusion coefficients display a 
lognormal distribution, which likely arises due to the roughness of the energy landscape 
(Gorman et al., Mol. Cell, 2007), and where indicated student t-tests were performed on the 
natural logarithm (ln) of the diffusion coefficients to obtain p-values for statistical comparisons 
of the data.  
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The particle-tracking algorithm used to monitor the movement of Msh2-Msh6  and Mlh1-
Pms1simultaneously records its position in the y-direction (parallel to the long axis of the DNA) 
and in the x-direction (perpendicular to the long axis of the DNA). The values obtained for the x-
direction primarily reflect the thermal motions of the DNA molecules. All of the tracked proteins 
displayed x-direction fluctuations ranging between ±50-250 nanometers (with a mean of ±80 
nm), which is an order of magnitude below the motions observed along the helical axis (i.e. the 
y-direction) of the DNA. DNAs more flexible than this were occasionally observed, but they 
were omitted from the analysis because their flexibility caused the bound fluorescent Msh2-
Msh6 to fluctuate too much within the evanescent field making them impossible to track 
accurately (although qualitatively they displayed exactly the same diffusive behavior). The 
transverse fluctuations of the DNA and the temporal resolution of our detection system impose a 
lower limit of >1x10-4 µm2 sec-1 for the diffusion coefficients that can be measured (anything 
slower than this will look like a stationary particle), but this lower limit is well below any values 




Supplemental Figure Legend 
Figure 4-S1. DNA curtains provide sufficient clearance for free passage of QDs. (A) 
Schematic overview of the experimental setup. A double-tethered DNA curtain (green) was 
prepared as described in the Materials and Methods. Streptavidin-QDs (Invitrogen; Magenta) 
were then anchored to the lipid bilayer, which contains a subset of biotinylated lipids, and videos 
were collected to determine if the anchored QDs could diffuse underneath the DNA. (B) Image 
of the DNA curtain and QDs at the start of the experiment. (C) Image showing numerous QD 
trajectories over an 82 second period and (D) Eight examples of 2D particle tracking (blue or red 
traces) detailing movement of individual QDs as they diffuse underneath the DNA molecules. 
(E) Final image from the data set. These results demonstrate that the anchored DNA molecules 
are far enough away from the surface of the microfluidic sample chamber to allow unhindered 
passage of a QD.  
 
Figure 4-S2. Salt-dependence of Mlh1-Pms1 1D diffusion. Mlh1-Pms1 was bound to a 
double-tethered DNA molecule at 200 mM NaCl and allowed to diffuse in the absence of buffer 
flow. At the 160-second time point (first arrowhead) the flow chamber was gently washed with 
buffer containing 10 mM NaCl. The wash was completed at the 232-second time point (second 
arrowhead) and Mlh1-Pms1 was monitored in the absence of buffer flow. A second wash was 
initiated at 360-seconds (3rd arrowhead) to raise the NaCl concentration back up to 200 mM, and 
this was completed at 420-seconds (fourth arrowhead). Buffer flow was then terminated and 
diffusion was allowed to proceed in the absence of flow. As shown here, the movement of Mlh1-
Pms1 was highly dependent upon the concentration of NaCl, and the protein complex rapidly 
diffuses at high salt (D1d=0.310 µm2 sec-1 at 200 mM NaCl), but diffuses much more slowly 
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when the salt was reduced (D1d=0.021 µm2 sec-1 at 10 mM NaCl; corresponding to a 14-fold 
decrease in the diffusion coefficient), and then begins rapid diffusion once the salt concentration 
was increased again (D1d=0.281 µm2 sec-1 at 200 mM NaCl).  
 
Figure 4-S3. TEV cleavage of Mlh1-Pms1 linker arms disrupts DNA-binding. (A) Schematic 
overview of different TEV-containing Mlh1-Pms1 constructs. (B) Coomassie-stained SDS-
PAGE showing specificity of TEV cleavage for each of the different constructs. (C) Gel shift 
assays using a 32P-labeled oligonucleotide substrate ±TEV cleavage. All of the proteins bind 
DNA before TEV cleavage, but treatment with TEV protease reduces or eliminates DNA binding 
activity in the bulk assay. Similarly, all of these protein constructs bound and diffused on DNA 
in the TIRFM assays, but we could detect no DNA binding activity in the TIRFM assays after 
TEV cleavage of the linker arms (not shown).  
 
Figure S4. Mlh1-Pms1 complexes can occasionally bypass one another while traveling 
along the same DNA. Two Mlh1-Pms1 molecules are bound to the same DNA and each is 
labeled with a different colored QD (either green or magenta). An example of a bypass event is 
highlighted. We observed a total of 5 bypass events out of ~50 pairs of colliding magenta and 
green Mlh1-Pms1 complexes. Please note that each of these two-color pairs collided with one 
another numerous times, but we cannot determine the exact number of collisions because we 
currently lack the spatial resolution to know whether the proteins are in actual physical contact 
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 The post-replicative mismatch repair pathway corrects mispaired bases introduced during 
DNA synthesis before they become permanently embedded in the genome. In eukaryotes Msh2-
Msh6 initiates this pathway by locating mispaired bases and recruiting Mlh1-Pms1 along with 
several additional downstream repair factors that excise the flawed daughter strand, leaving the 
template strand primed for correct resynthesis. The mismatch repair pathway involves a number 
of target search and recognition events such as lesion recognition by Msh2-Msh6, detection of 
the mispair-bound Msh2-Msh6 complex by Mlh1-Pms1, and the identification of strand 
discrimination signals that enable these proteins to distinguish the parental and daughter DNA 
strands. The manner by which these proteins search for and respond to specific targets remains 
poorly understood. For over forty years it has been proposed that site-specific proteins are likely 
able to locate their targets amongst a vast excess of non-specific DNA using some mechanism of 
one-dimensional diffusion along the DNA, however this has yet to be experimentally validated. 
Through the use of a custom designed total internal reflection fluorescence microscopy assay, we 
are able to visualize these dynamic processes in real time at the single molecule level. Msh2-
Msh6 was found to tightly bind its target sites through a combination of three-dimensional 
collisions and one-dimensional sliding along DNA. Following mismatch recognition, nucleotide 
binding released immobile mismatch-bound Msh2-Msh6 complexes allowing the proteins to 
freely diffuse away from the mismatch to search for strand discrimination signals. In addition to 
being the first experiments to directly observe unbiased target search with recognition, these 
experiments address the long-debated post-recognition models in the initial steps of mismatch 
repair as well as provide a platform for examining the protein-protein interactions of Msh2-Msh6 




 Preserving genomic integrity during DNA replication is contingent upon essential repair 
processes such as post-replicative mismatch repair (MMR). This pathway corrects mispaired 
bases arising from misincorporation errors during DNA synthesis before they become 
permanently embedded in the genome (reviewed in Kunkel and Erie 2005; Jiricny 2006; Li 
2008). MMR increases the accuracy of DNA replication by up to 1000-fold and inactivation of 
this pathway results in a dramatic increase in spontaneous point mutations and microsatellite 
instability (Drotschmann et al. 2001; Glickman & Radman, 1980; Lahue et al. 1989; Schaaper, 
1993). Defects in human MMR proteins lead to a cancerous hereditary disorder known as Lynch 
Syndrome, which is characterized by a strong predisposition to hereditary nonpolyposis 
colorectal cancer, and is also implicated in the early onset of up to 25% of sporadic tumors in 
various other tissues including endometrium, ovary, stomach and small intestine (Lynch et al., 
2009; Peltomäki and Vasen, 2004; Vasen et al., 2007). 
 The initial steps of this strongly conserved pathway depend upon a series of target search 
and recognition events along the DNA. In eukaryotes, the MMR pathway is initiated by the 
protein complex Msh2-Msh6, which must locate mispaired bases amongst a vast excess of 
nonspecific DNA (Acharya et al. 1996; Alani, 1996) Following lesion recognition by Msh2-
Msh6, Mlh1-Pms1 must then find the mismatch-bound Msh2-Msh6 complex (Li & Modrich, 
1995; Prolla et al.1994). These proteins must then somehow communicate with distant signals 
along the DNA that enable them to distinguish the parental and daughter DNA strands (Kadyrov 
et al. 2006; Kadyrov et al. 2007; Pluciennik et al. 2010). Together these two proteins recruit 
downstream factors that degrade the flawed daughter strand leaving the template strand primed 
for correct resynthesis, thus preserving the integrity of the genome (Constantin et al. 2005). The 
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manner by which Msh2-Msh6 and Mlh1-Pms1 locate these diverse specific targets in a 
temporally regulated fashion remains poorly understood. 
 In the first step of MMR, Msh2-Msh6 must survey the genome for replication errors. A 
number of theoretical models for target searches along DNA have previously been proposed: 1) 
Random collision through three-dimensional space; 2) Hopping, where a protein moves along 
DNA by repeatedly dissociating from the DNA, moving through three-dimensional space and 
quickly rebinding the DNA at a nearby site; 3) Intersegmental transfer, in which a protein with 
multiple DNA-binding sites moves from one location to another via a looped DNA structure that 
transiently contacts the protein at both sites; 4) Sliding, in which the protein can move along the 
DNA without dissociating through one-dimensional diffusion driven by thermal energy (Berg, 
Winter, & von Hippel, 1981). Recent advances in single molecule techniques have allowed 
visualization of several of these forms of facilitated diffusion, however to date it has not been 
proven that a protein can actually use any of these mechanisms to locate a target (Bonnet et al. 
2008; Gorman & Greene, 2008; Gorman et al. 2010; Komazin-Meredith et al. 2008). With the 
recent surge of single-molecule publications presenting data on one-dimensional diffusion along 
DNA by various proteins, the glaring absence of an example of a target search that includes 
recognition has raised doubts as to whether or not facilitated diffusion plays a prominent role in 
how proteins locate their targets on DNA (Halford, 2009).  
 Unlike the pre-recognition processes, which have been largely unstudied, the post-
recognition events in MMR have been extensively investigated to determine how the mismatch 
bound proteins communicate with distant signals to discriminate between the parental and 
daughter strands, however the results remain controversial due to a variety of data from 
numerous studies supporting at least three distinct models (Figure 5-4A). The "active 
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translocation" model suggests that Msh2-Msh6 translocates the DNA drawing in flanking 
regions from both sides extruding the mismatch site into an α-shaped loop (Allen et al. 1997; 
Blackwell et al.1998). A second model "static transactivation" proposes that Msh2-Msh6 
remains tightly bound to the mismatch followed by a three dimensional random collision 
between the bound protein and the distal strand discrimination signal (Junop et al. 2001; Kunkel 
and Erie, 2005). The third "molecular switch" model proposes that the Msh2-Msh6 undergoes a 
conformational change following mismatch binding that allows it to diffuse passively along the 
DNA to the site of the signal (Gradia et al., 1999; Mendillo et al. 2005). Importantly, Each of 
these models can be unambiguously resolved in our assays through direct visualization of Msh2-
Msh6 in complex with a DNA substrate containing mispaired bases.  
 We have used total internal reflection fluorescence microscopy (TIRFM) to directly 
visualize individual molecules of Msh2-Msh6 as they bind to and move along homoduplex DNA 
as well as DNA molecules containing mispaired bases at specific locations (Figure 5-1). Using 
flowcells nanopatterned by electron-beam lithography we are able to anchor and align hundreds 
of DNA molecules in an extended conformation and defined orientation. By aligning the DNA 
molecules vertically in the same orientation, we create a visually intuitive and statistically 
significant method to identify proteins bound to a specific location on the DNA molecules. Since 
the sequences align horizontally across the field of view, fluorescently labeled proteins bound to 
the same specific sequence or location on the DNA molecules will appear as a horizontal line. 
We have developed a method for inserting mispaired bases into a defined position on long DNA 
substrates through the use of nicking enzymes (Figure 5-1D; materials and methods). By 
fluorescently labeling Msh2-Msh6 we can directly observe unbiased target search with 
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recognition of the mismatch site. Moreover, mismatch bound Msh2-Msh6 also allows us to 
address the long-debated models for post-recognition events in MMR. 
 
MATERIALS AND METHODS 
Mismatched DNA Substrates 
 A nicking-based strategy was employed in order to construct long DNA substrates with 
mispaired bases. A 147 bp DNA fragment was inserted into λ-DNA between the XhoI and NheI 
restriction sites, replacing the genomic DNA in that region. The resulting λ-DNA (referred to as 
λI-DNA) has a total length of 47,467 bp as opposed to the 48,502 bp of commercially available 
λ-DNA. λI-DNA was packaged into λ-phage, which was grown in liquid lysate cultures and λI-
DNA was subsequently isolated for the single molecule experiments.  
 The inserted fragment contains a series of seven neighboring nicking sites separated by 
17-22 bases. The nicking enzyme NT.BspQI was used to cleave a single strand of the λΙ-DNA 
molecules in several consecutive spans of 17-22 bp. The nicked fragments were melted from the 
λΙ-DNA at 70°C in the presence of a vast excess of oligonucleotides complementary to the 
resulting gapped region in the λΙ-DNA except for a single base, which when annealed resulted in 
a T/G mismatch. The oligonucleotides were 39 bases long, spanning the length of two nicked 
fragments (three oligonucleotides were inserted over the span of the seven nicking sites). The 
DNA was slowly cooled to room temperature, annealing to the mispaired oligonucleotides and 
the nicks were then ligated, resulting in λI-DNA containing three T/G mismatches located at 




 The 147 bp inserted fragment contains two SwaI restriction sites and three NcoI sites. 
Restriction digests confirmed the presence of the additional restriction sites introduced by the 
147 bp fragment in λI-DNA. Although there are two SwaI sites and three NcoI sites, they are 
located very close to one another and are resolved as a single additional site on agarose gels 
(Figure 5-1D). The T/G mismatches were introduced to the λI-DNA at the NcoI restriction site, 
abolishing cleavage at that site, confirming incorporation of the mismatch. 
 
Protein purification and fluorescent labeling 
Yeast HA-tagged Msh2-Msh6 was expressed and purified as previously described (Gorman et al. 
2007; Gorman et al. 2010). The epitope tagged protein was active for MMR in vivo as previously 
described (Gorman et al. 2007; Gorman, et al. 2010).  
 
Single-molecule experiments 
 Nanopatterned "DNA Curtains" were prepared as previously described (Fazio et al. 
2008). Quantum dot (QD)-labeled Msh2-Msh6 was incubated with the mismatched substrate in 
buffer containing 10 mM Tris pH 7.8, 1mM MgCl2, 150 mM NaCl, 1mM DTT, 1mM ADP and 
0.2 mg/ml BSA for 5 minutes in the absence of flow to allow binding and diffusion in the 
absence of a perturbing hydrodynamic force. The flowcell was then washed in the same buffer 
for approximately 3 minutes to remove nonspecifically bound protein. Msh2-Msh6 remained 
stably bound to the site of the mismatch during this time and buffer was exchanged for 10 mM 
Tris pH 7.8, 1mM MgCl2, 50 mM NaCl, 1mM DTT, 1mM ADP, 20 mg/ml BSA and .5nM 
YOYO1 to fluorescently label the DNA molecules. The positions of the proteins were 
quantitatively assessed by fitting two-dimensional gaussian waves to all DNA-bound particles 
  
225 
and determining the relative position along the fluorescent DNA molecules. Mock experiments 
using perfectly complementary oligonucleotides instead of single base mismatches in the nicking 
insertion reaction resulted in no specific binding by Msh2-Msh6. 
 Double tethered "DNA Racks" were prepared as previously described (Gorman et al. 
2010). QD-labeled Msh2-Msh6 was incubated in the sample chamber with the unlabeled 
mismatched substrate in buffer containing 10 mM Tris pH 7.8, 1mM MgCl2, 150 mM NaCl, 
1mM DTT, 1mM ADP and 20 mg/ml BSA. Msh2-Msh6 sporadically bound DNA at random 
positions and trajectories that resulted in a stably bound complex at the site of the mismatch were 
tracked by fitting the particles to two-dimensional gaussian waves. To evaluate the post-
recognition models, following stable binding at the mismatch site by Msh2-Msh6 ADP was 
flushed from the sample chamber and ATP was injected. 
 
RESULTS 
Msh2-Msh6 preferentially binds mispaired bases 
 λ-DNA containing an insert with a series of seven neighboring nicking sites (we refer to 
λ-DNA containing this insert as "λI-DNA") was used as a substrate for Msh2-Msh6 in the single 
molecule experiments. The nicking sites were used to engineer three mispaired bases (T/G) into 
the λΙ-DNA moelcules (total length 47,467 bp) at defined sites located at nucleotide position 
33,538, 33,577 and 33,616. (Figure 5-1C and D; materials and methods). A "DNA Curtain" 
assay was used to visualize the mismatch binding activity of Msh2-Msh6. The mismatched DNA 
molecules were attached to a lipid bilayer through a streptavidin-biotin interaction anchoring the 
λI-DNA molecules at nucleotide position 47,467. 
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 QD-labeled Msh2-Msh6 was incubated with unstained mismatch DNA substrates under 
physiological ionic strength (100-150 mM NaCl) for a brief time in the absence of buffer flow. 
Unbound protein was then flushed from the flowcell and the sample was incubated for several 
minutes under continuous buffer flow allowing time for nonspecifically bound proteins to 
dissociate and wash out of the sample chamber. The remaining stably bound Msh2-Msh6 
complexes resulted in the formation of distinct horizontal fluorescent lines corresponding to the 
site of the mispaired bases (Figure 5-2). The DNA was then fluorescently labeled with YOYO1 
and imaged with the protein to determine the precise position of the protein-QD complexes on 
the DNA. Toggling the flow on and off confirmed the protein and DNA were not nonspecifically 
bound to the flowcell surface or bilayer. A histogram of the centroid positions of the bound 
proteins clearly demonstrates the strong preference of Msh2-Msh6 for the site of the engineered 
mismatches (Figure 5-2C). Additionally, we observed a slight preference for Msh2-Msh6 
binding at the free ends of the DNA as well. 
 
Msh2-Msh6 locates mispaired bases through a combination of three-dimensional collisions 
and one-dimensional diffusion along the DNA 
 To determine the mechanism by which Msh2-Msh6 was arriving at the mismatch we 
used double tethered "DNA Racks", which eliminate the need for continuous buffer flow to 
maintain the DNA in an extended conformation making it possible to incubate Msh2-Msh6 with 
mismatched DNA and observe binding events in the absence of a perturbing hydrodynamic 
force. DNA Racks of unstained λΙ-DNA molecules containing three T/G mismatches were 
monitored during incubation with QD-labeled Msh2-Msh6. Protein complexes bound the target 
mismatch sites by two methods with approximately equal probability. The first method observed 
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was direct binding through three-dimensional collision (Figure 5-3A). We note that the standard 
deviations of stationary fluorescent labels on double tethered DNA molecules vary from 20-40 
nm due to the brownian fluctuations of the DNA and "direct binding" is defined as binding in 
which no movement beyond three standard deviations was observed in the initial binding 
trajectory. The second manner by which Msh2-Msh6 molecules bound the mismatch sites was 
through a combination of three-dimensional collision with the DNA at a nonspecific site and 
one-dimensional diffusion along the DNA to the site of the mismatch (Figure 5-3B). Similar 
results were obtained in the presence of ADP or no nucleotide. As a consequence of our 
resolution limits, we are reporting the minimum of the contribution of one-dimensional diffusion 
events since shorter trajectories (those that initially bind nonspecifically less than ~100 nm 
away) are classified as three-dimensional collisions.      
 
ATP releases mismatch-bound Msh2-Msh6 as a sliding clamp 
 The mechanism by which the MMR machinery surveys the DNA flanking a mismatch for 
strand discrimination signals remains controversial (Jiricny, 2006; Kolodner et al., 2007; Kunkel 
and Erie, 2005; Modrich, 2006). Each of the proposed models make distinct predictions 
regarding the behavior of Msh2-Msh6 in our system and the predictions can be unambiguously 
resolved in our assays through direct visualization of the events following the introduction of 
ATP to the system. To distinguish between the models, we used double-tethered "DNA Racks" 
to determine the effect of ATP on mismatch-bound Msh2-Msh6. 
 Double tethered "DNA Racks" of T/G mismatched λI-DNA were bound at the site of 
mispaired bases by Msh2-Msh6 in buffer containing either ADP or no nucleotide. Subsequently, 
buffer with ATP as the only nucleotide was exchanged into the sample chamber at a low flow 
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rate. Upon ATP arrival, immobile mismatch-bound Msh2-Msh6 complexes quickly released 
from the mispaired bases and began rapidly diffusing along the DNA molecules (Figure 5-4B). 
Similar results were observed with ATPγS, indicating that hydrolysis was unnecessary for Msh2-
Msh6 release or movement (Figure 5-4C). These complexes diffused over thousands of base 
pairs before dissociating from the DNA.  
 In the presence of ADP over longer time scales, Msh2-Msh6 would periodically 
dissociate from the site of the mismatch (Figure 5-4D). This is expected as bulk assays report a 
significantly slower dissociation rate of Msh2-Msh6 from mispaired DNA in the presence of 
ADP than in ATP (Zhai & Hingorani, 2010). These complexes performed one-dimensional 
random walks and molecules that re-collided with the mismatch site would again bind 
specifically for an extended period of time. Complexes that released from the mismatch sites in 
an ATP-dependent manner also performed one-dimensional random walks. However, these 
complexes could diffuse freely past the site of the mismatch indicating an ATP-induced 




 The manner by which DNA-binding proteins are able to survey a vast amount of genomic 
DNA in order to locate a small number of specific sequences or structures within the genome is a 
fundamental biological problem with direct implications for nearly all aspects of genome 
maintenance and gene expression. Here we have shown for the first time that under physiological 
ionic conditions a site-specific protein can use one-dimensional diffusion along DNA and travel 
thousands of base pairs in order to facilitate the target search. Msh2-Msh6 was able to locate 
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mismatched bases that made up only 0.006% of the entire λI-DNA by either one-dimensional 
sliding or through direct three-dimensional collisions (Figure 5-5A).  
 Importantly, the one-dimensional sliding mechanism employed by Msh2-Msh6 would be 
problematic for searches in a crowded in vivo environment. We have previously shown that 
Msh2-Msh6 sliding is obstructed by nucleosomes and the protein complex can become trapped 
in a futile search between two adjacent nucleosomes (Gorman et al. 2010; Li et al. 2009; Mirny 
et al. 2009; Slutsky and Mirny, 2004). These observations imply that the DNA surveyed by 
Msh2-Msh6 must be kept free of protein obstructions. One potential mechanism by which this 
could be accomplished is if the MMR machinery were confined to the newly synthesized naked 
DNA at the rear of a progressing replication fork through interactions between Msh2-Msh6 and 
PCNA, as has been previously suggested (Kunkel and Erie, 2005). In support of this model, 
Msh2-Msh6 has been shown to interact with PCNA in vitro and bacterial MutS interacts with the 
β-clamp in vitro and co-localizes with replication machinery in vivo (Iyer et al., 2008; Pluciennik 
et al. 2009; Smith et al. 2001). While this model remains speculative, if Msh2-Msh6 were 
coupled to the replication machinery in vivo, then it might be free to slide along the newly 
synthesized naked DNA while surveying for mispaired bases as they exit the rear of the 
progressing fork. 
 The three most prominent models for post-recognition events make distinct predictions 
with respect to the outcome of our single molecule experiments. The "Active translocation" 
model predicts that mismatch-bound Msh2-Msh6 should exhibit ATP-hydrolysis dependent 
motion. The "Molecular switch" model predicts that after lesion recognition, Msh2-Msh6 should 
exhibit ATP-binding dependent diffusive motion along DNA. Whereas the "Static 
transactivation" model predicts that Msh2-Msh6 should remain bound to the mismatch without 
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moving while awaiting interactions with flanking DNA through 3D looping-mediated 
mechanism.  
 Our assays present a clear and direct method for evaluating the post-recognition models. 
Following mismatch recognition, ATP binding by immobile mismatch-bound Msh2-Ms6 
releases the protein from the site of the mismatch. The post-recognition complex undergoes a 
random walk along the DNA spanning thousands of base pairs, which would allow it to come 
into contact with strand discrimination signals located at sites that may be far away from the 
mismatch (Figure 5-5C). ATP hydrolysis is not necessary for release of the protein or for the 
one-dimensional diffusion. These experiments present unambiguous results regarding the effect 
of ATP binding on the post-recognition search, confirming the "molecular switch" model in 
which Msh2-Msh6 enters a passively diffusing state on the DNA. 
 Importantly, ATP binding by mismatch-bound Msh2-Msh6 induces a diffusive state that 
is distinct from the pre-recognition complex. Both states are capable of one-dimensional 
diffusion along DNA, however the post-recognition complex no longer binds mispaired bases, 
implying that ATP binding by mismatch-bound Msh2-Msh6 induces a conformation change in 
the protein to release it. This conformational shift is critical to the downstream search 
mechanism as strand discrimination signals, believed to be discontinuities in the nascent strand, 
may be located hundreds or thousands of base pairs from the site of the mismatch and since 
Msh2-Msh6 is performing a random walk, it is very likely to revisit the site of the mismatch 
many times before it reaches the strand discrimination signal. The probability of revisiting the 
mismatch site after moving one step away would be 50%. If Msh2-Msh6 remained competent for 
mismatch recognition while trying to scan the flanking DNA strand discrimination signals then it 
would likely become nonproductively trapped at the mismatched base. Hence, once Msh2-Msh6 
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is released from a mismatch to begin scanning the flanking DNA by one-dimensional diffusion it 
must not reengage the mismatch. We also note that a random walk model also accounts for the 
finding that mismatch repair is bidirectional and targeted to the nearest nick, regardless of 
whether it is located 5' or 3' to the mismatch (Constantin et al. 2005). 
 Once Msh2-Msh6 has located a lesion, it serves as a specific binding target for Mlh1-
Pms1, which moves along DNA by a hopping or stepping mechanism (Gorman et al. 2010). 
Since Mlh1-Pms1 binds DNA in a mismatch-independent manner one would predict that once 
Mlh1-Pms1 has bound Msh2-Msh6, release of Msh2-Msh6 from the mismatch would allow the 
proteins to passively diffuse together to the site of the strand discrimination signal. This model 
remains speculative, however the assays presented here can easily be extended in the future to 
investigate the impact of Mlh1-Pms1 binding to Msh2-Msh6 
 We have demonstrated that Msh2-Msh6 is able to locate mispaired bases through three-
dimensional collision as well as one-dimensional diffusion. We have also confirmed the 
"molecular switch" model as the mechanism by which Msh2-Msh6 is able to communicate 
between the site of the mismatch and distant strand discrimination signals. In addition to being 
the first experiments to directly observe unbiased target search with recognition, these 
experiments directly address the long-debated post-recognition models proposed in the initial 
steps of mismatch repair as well as provide a platform for examining the protein-protein 





Figure 5-1. Experimental setup. A) Depicts a schematic of the TIRFM setup. B) Illustration of 
the top view of nanopatterned flowcell surfaces for "DNA Curtains" and "DNA Racks". C) 
Outlines the mismatch incorporation strategy: i) λΙ-DNA molecules are cleaved on single strands 
at nearby nicking sites; ii) the DNA is heated in the presence of excess oligonucleotides 
complementary to the gapped regions except for single base mismatches; iii) DNA is cooled and 
ligated. D) Restriction digests confirm that mismatched bases abolish restriction sites while 
leaving nearby sites intact. The gel shows commercially available λ-DNA undigested (lane 1), 
cut with SwaI (lane 2), and cut with NcoI (lane 3). Lanes 4, 5 and 6 show corresponding digests 
of λ-DNA with the inserted fragment (λI), which contains the nicking sites and SwaI and NcoI 
restriction sites that result in the extra bands seen in lanes 5 and 6. Lanes 7, 8 and 9 show the 
corresponding digests (undigested, SwaI, NcoI respectively) of the λI DNA that have been 
treated with the nicking enzyme and annealed by perfectly complementary oligonucleotides, 
maintaining both new restriction sites (compare lanes 5 to 8 and lanes 6 to 9). Lanes 10, 11 and 
12 show the same digests with λI-DNA that has been treated with the nicking enzyme and 
annealed to oligonucleotides that contain a single mismatched base in the NcoI restriction site. 
The SwaI site is digested (as in lanes 5 and 8) however cleavage is abolished at the NcoI site due 
to the single base mispairing, reverting the band pattern from what is seen in lanes 6 and 9 to 





Figure 5-2. Msh2-Msh6 binds mismatched DNA. A) Three "DNA Cutrains" patterned on a 
single flowcell are presented. DNA is stained with YOYO1 (green) and Msh2-Msh6 is labeled 
with QDs (magenta). The site of the biotin-anchored DNA ends are labeled "tethered" and are 
aligned along the diffusion barrier. The site of the mismatch is labeled "MM". The First panel 
shows an example field of view with the flow on in a downward direction. The middle panel is 
the same field of view when flow is stopped, allowing the DNA to collapse, and showing the 
proteins and DNA are not nonspecifically bound to the surface. In the third panel, flow is 
resumed. B) Shows a single curtain incubated with a lower concentration of protein than 
presented above. C) A histogram of the positions of individual Msh2-Msh6 proteins along the 
DNA is presented illustrating a strong preference for mismatch binding. The tethered end, 
mismatch and free end are labeled as above.  
 
Figure 5-3. Target search of Msh2-Msh6 for the mismatch. Two mechanisms of target search 
were observed by Msh2-Msh6. A) An example kymogram of a three-dimensional collision is 
presented. The y-axis relates the absolute position on λ1-DNA. In the lower panel quantitative 
tracking data fitting the centroid of the QD-Msh2-Msh6 complex is displayed over the first few 
seconds of the binding trajectory. No movement above the noise level is detected. The y-axis "0" 
location is set at the site of the stable mismatch-bound protein B) Displays an example of three-
dimensional collision with nonspecific DNA followed by one-dimensional diffusion to the site of 
the mismatch. Quantitative tracking data is presented in the lower panel showing the protein 




Figure 5-4. Post-recognition nucleotide binding.  A) Three models are presented for data 
describing potential post-recognition events that allow communication between the site of the 
mispaired bases and the strand discrimination signal (nick). In "Active Translocation" Msh2-
Msh6 translocates flanking DNA, extruding the mismatch into a loop drawing the signal closer 
(left panel). "Static transactivation" presents a model where Msh2-Msh6 remains at the site of 
the mismatch and interacts with the strand discrimination signal through a three-dimensional 
collision with a looped intermediate (middle panel). The "Molecular switch" model proposes that 
upon binding ATP, Msh2-Msh6 undergoes a conformation change in which it becomes a sliding 
clamp, which passively diffuses to the nick (right panel). B) The top panel displays a kymogram 
of Msh2-Msh6 stably bound to the mismatch. Addition of ATP releases the protein into a 
diffusive mode. Quantitative tracking data is shown below for the time period when the when 
ATP is introduced. Green lines represent the location of the mismatch. C) A similar reaction is 
seen with ATPγS. D) This kymogram depicts a molecule of Msh2-Msh6 that releases from the 
site of the mismatch over long periods of time in buffer containing ADP and subsequently 
rebinds the mismatch. When ATP is introduced the complex is no longer competent to bind the 
mismatched base and diffuses freely past it. 
 
Figure 5-5. Facilitated diffusion of Msh2-Msh6 in MMR.  A) Msh2-Msh6 can locate 
mispaired bases on DNA through direct three-dimensional collisions with the mismatch or by 
binding the DNA at a nonspecific site and diffusing in one-dimension. We have previously 
shown that Msh2-Msh6 diffuses along homoduplex DNA in a manner consistent with a 
rotational sliding model (Gorman et al. 2007). B) Once Msh2-Msh6 encounters the mismatch it 
remains stably bound in the presence of ADP or no nucleotide. C) ATP binding causes Msh2-
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Msh6 to release the mismatch and diffuse bidirectionally along DNA in a state that no longer 
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